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ABSTRACT

Shallow Composition and Structure of the San Gabriel Fault, California in Drill Core and
Geophysical Logs: Implications for Fault Slip and Energetics
By
Kaitlyn A. Crouch, Master of Science
Utah State University, 2022

Major Professor: James P. Evans
Department: Geoscience
Characterizing the behavior and structure of shallow faults is critical to evaluating
earthquake hazards and modeling seismic energy dissipation. Macro- to microanalysis of
geotechnical drill core acquired across the San Gabriel fault (SGF), California provides
insight into the composition, properties, and structure of shallow faults and the upper
transition from seismic slip to aseismic creep within the fault zone. The SGF
accommodated right-lateral slip 12 to 5 million years ago and has since been exhumed in
the San Gabriel Mountains. Borehole ALT-B2 plunges 68° to the south and forms a shallow
angle with the 80° north- dipping SGF. The borehole provides a near continuous sampling
suite of ~500 m of protolith and fault-related rocks that formed at depths of ~2-2.5 km,
within the upper seismic-aseismic transition zone.
In this study, we present integrated mesoscopic drill core data and observations,
microstructural and geochemical data, and synchrotron-based XRF elemental maps from
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rocks from borehole ALT-B2. We supplement results from the drill core with some field
samples that encompass the surface traces of the SGF in the Little and Big Tujunga
Canyons, ~8-16 km southeast of the borehole site. Results from these analyses provide
a suite of physical and chemical properties of moderately to highly indurated faultrelated rock from the shallow SGF. We document overprinting and cross-cutting
relationships of brittle and plastic deformation and evidence for hydrothermal alteration.
These results indicate that the SGF accommodated both seismic slip and aseismic creep
mechanisms in the shallow crust and that fluid-rock interactions vary spatially in
the fault zone and occurred throughout multiple cycles of slip accommodation. We
suggest that the upper transition from seismic-dominated slip to aseismic-dominated
creep is influenced by fluid-rock interactions and the associated formation of and
changes in clay minerals. The implications of this study may be used as an analog for
deciphering the nearby active San Andreas fault system and other transform faults.
Synchrotron X-ray fluorescence (XRF) mapping is a novel technique in shallow
fault studies that allows us to examine the spatial distribution of elemental changes within
samples at the micron- to grain-scale and how these elemental signatures are related to the
different rock types/fabrics in the deformed rocks. Our XRF mapping results show
concentrations of Fe, Mn, Ni, Cr, V, Ti, As, and Zn in altered and damaged fault-related
rock, including shear zones, slip surfaces, breccia matrices, veins, fractures, and injections
into host rock and existing fabrics. These data reveal variations in the nature, expression,
and degree of fluid-rock interactions at the microscale and the segregation and mixing of
elements within deformation fabrics in the shallow fault.
(118 pages)
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PUBLIC ABSTRACT

Shallow Composition and Structure of the San Gabriel Fault, California in Drill Core and
Geophysical Logs: Implications for Fault Slip and Energetics
Kaitlyn A. Crouch
Earthquakes are the sudden and intensive release of energy due to slip along faults.
This energy may be felt on the Earth’s surface and may cause displacement of the Earth’s
crust (seismic slip). As an earthquake ruptures, rocks in and around the fault are damaged
and altered. When a fault displaces without earthquakes, it is referred to as aseismic creep.
Faults may experience both seismic slip and aseismic creep throughout their cycles. In
order to better model earthquake hazards and understand the cause of seismic slip versus
aseismic creep in the shallow crust, we need to characterize the properties of the altered
and damaged fault-related rocks.
The San Gabriel fault in California is an ancient strike-slip fault, similar to the
modern San Andreas fault, that accommodated slip millions of years ago. In this project,
we examine field samples and drill core drilled through the fault-related rocks that formed
in the San Gabriel fault at depths of 2-2.5 km. We integrate various techniques to examine
the altered and damaged fault-related rock at the mesoscopic (hand sample size) to the
microscopic scale in order to characterize the properties of the fault-related rock.
Synchrotron X-ray fluorescence (XRF) mapping, a new technique in the examination of
shallow faults, allows us to scan surfaces of fault-related rocks and map element location
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and concentration in the samples. The results document hydrothermal-assisted processes
that alter the fault-related rock. We identify deformation and alteration mechanisms that
indicate that shallow SGF accommodates both seismic slip (earthquakes) and aseismic
creep processes. We suggest that seismic slip versus aseismic creep behavior is influenced
by fluid-assisted processes visible in the fault-related rocks at the mesoscopic and
microscopic scales and the formation of and changes in clay minerals. This work can be
used to better model earthquake hazards in active faults, such as the San Andreas fault in
California.
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CHAPTER I
INTRODUCTION
Earthquakes, the intensive and sudden release of energy due to slip along faults, are
one of the biggest natural hazards to California (population >39 million), with most
Californians living within 30 miles of an active fault zone. Imperative to evaluating
earthquake hazards and modeling seismic energy dissipation is quantifying the structure
and slip history of faults (Roten et al., 2017). The structure of faults can range from narrow
fault cores with associated meters-scale damage zones (Chester et al., 1993; Caine et al.,
1996; Sibson, 2003; Schulz and Evans, 1998) to faults and damage zones that reach tens
of kilometers wide (Sylvester,
1981; Faulkner et al., 2003;
Jänecke

et

al.,

2010;

2018;

Arancibia et al., 2014; Cesca et al,
2017; Clark et al., 2017; Ross et al
2020). Slip along faults manifests
in many ways throughout its cycle
(Sibson, 1986; Scholz, 2019) and is
part of a continuum that ranges
from an abrupt release of seismic
Figure 1.1. Conceptual model linking seismic and
aseismic slip in a strike-slip fault. From
Huntington and Klepeis, (2018). Seismic
(unstable) slip occurs at depths of ~ 2-15 km;
above this zone fault slip may be a result of stable
sliding (Marone and Scholz, 1988).

energy (earthquakes) to stable
aseismic (gradual) creep (Fig. 1.1;
Peng and Gomberg 2010; Rowe et
al., 2011; Obara and Kato, 2016;
Bürgmann, 2018; Huntington and

2

Klepeis, 2018). Most seismic slip in continental settings occurs at depths of ~ 2-15 km
(depending on the geothermal gradients, where cooler crustal regions with geotherms of
10-15°C/km may exhibit earthquakes at 20+ km depth (Sibson, 1984)). Above the
seismogenic zone, dominant slip processes and mechanisms may change, and slip may
transition to stable aseismic creep (Marone and Scholz, 1988; Marone et al., 1991; Marone
and Saffer, 2007; Kaneko and Fialko, 2011). In southern California, most seismic slip with
enough energy to produce detectable earthquakes occurs by stick-slip mechanisms at
depths of ~2-15 km (Hauksson and Meier, 2019).
Recent studies and new methods of analysis, including tectonic geodesy, indicate a
deficit of shallow coseismic slip may exist in the total displacement budget of fault
movement (Simmons et al., 2002; Fialko et al., 2005; Kaneko and Fialko, 2011; Roten et.
al., 2017; Nevitt et al., 2020) and subsequent post-earthquake aseismic sliding and/or
microseismic deformation of damage zone in the upper crust may contribute to total slip
along a fault. The classic model (Fig. 1.2; Scholz, 2019) of fault deformation as a function
of depth, although providing a solid foundation on fault behavior, simply defines fault
zones in the shallow crust as comprised of incohesive and/or clay fault gouge and does
little to characterize the transition from seismic slip to aseismic sliding in the upper ~2-3
km of earth’s crust. Without a clear quantification of the properties of the upper seismicaseismic transition zone (Marone and Saffer, 2007) and how shallow slip is allocated in
the upper crust during and after seismic activity, recurrence models and seismic energy
budgets (Kanamori, 2001) may overestimate the amount of coseismic slip and may not
capture correct earthquake recurrence rates.
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Figure 1.2. Fault and earthquake behavior as a function of depth. A) A classic fault vs. depth model, modified from Scholz (2019).
The upper seismogenic transition at ~2-3 km depth is simply defined as unconsolidated and/or clay fault gouge. B) Earthquake depth
histogram from Haukkson and Meier (2019) for the southern California catalog of seismicity (1981-2016). The majority of
earthquakes occur at depths of ~2-15 km. C) Normalized coseismic slip distributions of several ~M7 strike-slip earthquakes from
model inversions by Kaneko and Fialko (2011). The maximum coseismic slip is interpreted to occur in the seismogenic zone at ~25 km depth, with coseismic slip sharply decreasing towards the earth’s surface, indicating a deficit of coseismic slip may exist in the
shallow crust.
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Fault-related rocks can record, in the form of the degree and nature of rock textures
and alteration patterns, the results of earthquake processes that occur at depth throughout
broad damaged zones (Chester et al., 1993; Caine et al., 1996; Sibson, 2003). Exhumed
faults are indispensable in examining the deformation processes and determining the
properties of rocks that occur at and above seismogenic depths (Chester and Chester, 1998;
Bradbury et al., 2015). Early studies of exhumed faults have laid a strong foundation in
deciphering fault zone structure (Chester et al., 1993; Marone and Scholz, 1988; Faulkner
et al., 2003; Wibberley and Shimamoto, 2003; Wibberley et al., 2008; Mitchell and
Faulkner, 2009; Forand et al., 2017), the nature of seismic slip, and compositional and
textural rock properties of exhumed faults (Evans and Chester, 1995; Chester and Chester,
1998; Jefferies et al., 2006; Rowe et al., 2011; Rowe and Griffith, 2015).
The unique setting of the San Gabriel Fault (SGF), an ancient exhumed branch of
the southern San Andreas Fault, California, and drill core samples drilled through the fault
zone provides an excellent opportunity to examine rock properties and the relationship of
coseismic and post-seismic (aseismic) slip accommodation along the fault and to continue
to build on previous and on-going studies of active faults (Warr and Cox, 2001; Holdsworth
et al., 2011; Hadizadeh et al., 2012; Bradbury et al., 2015; Boulton et al., 2017; Kaduri et
al., 2017). Examinations of the surface expression of the SGF by Anderson et al. (1983),
Chester et al. (1993), and Evans and Chester (1995) suggest that the majority of slip along
the SGF is confined to a narrow fault core, which consists of thin zones of ultracataclasite
(cm-m thick) and foliated cataclasites (m thick) (Chester et al., 1993). These studies show
variations in fluid-rock interactions within the fault core, with Anderson et al. (1983)
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Figure 1.3. Generalized geologic and fault trace maps of the San Gabriel Mountains and
vicinity, southern CA with the location of the ALT-B2 borehole and Little and Big
Tujunga field sites 8-16 km southeast of the borehole along the San Gabriel Fault (SGF).
Abbreviations DC, BC, and P indicate work sites from Chester et al., (1993), and NF and
PC indicate work sites from Evans and Chester, (1995). Adapted from Chester et al.,
(1993) and Yerkes et al., (2005). Key: Mendenhall Gneiss (Pmg), Josephine Granodiorite
(Kgr), Devil's Canyon (DC), Bear Creek (BC), Punchbowl (P), active trace of the San
Andreas fault (SAF), San Gabriel fault (SGF), North Branch San Gabriel fault (NBSG),
South Branch San Gabriel fault (SBSGF), Punchbowl fault (PF), Sierra MadreCucamonga thrust (SMCT), San Antonio fault (SA), Vincent thrust (VT), Fenner fault
(FF), Soledad fault (SF), San Francisquito fault (SFF), Ridge basin (RB), Soledad basin
(SB) and Punchbowl basin (PB).

indicating little fluid-rock interaction and Chester et al. (1993) and Evans and Chester
(1995) showing differing degrees of fluid-rock interaction intensities along sections of the
SGF.
Trending NW/SE through San Gabriel Mountains of southern California (Fig. 1.3),
the SGF accommodated >40 km of transform slip 12 and 5 million years ago (Powell et.
al, 1993) and has since uplifted by motion along underlying thrusts, exhuming the San
Gabriel mountains and SGF earthquake nucleation sites from depths of 2-5 km (Bull, 1978;
Anderson et al., 1983; Chester et al., 1993; Blythe et al., 2002). Quaternary fault maps
show some active slip, especially on the SGF’s southern branch, at rates 8-10 times slower
than its most active rate in the Mio-Pliocene period (Weber, 1977; Yeats et al., 1994; Lee
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and Schwarcz, 1996). The San Gabriel
Mountains are composed of crystalline
igneous and metamorphic rocks that are
primarily Cretaceous and Precambrian gneiss,
granodiorite, amphibolite, and gabbro that
have been cut by a dense network of brittle
faults (Dibblee, 1991; Nourse, 2002). By
focusing on a fault zone encased in mediumcoarse crystalline rocks with high-grade
mineral assemblages and fabrics (Anderson et
al., 1983), any clay, alteration products, and
Figure 1.4. Cross section of borehole
ALT-B2 transecting the SGF.
Adapted from drill logs (Guptill,
electronic comm., 2017). Key:
Mendenhall
Gneiss
(Pmgn),
Josephine Granodiorite (Kgrd). Kelly
Bushing Height is 864 m MSL.

deformation textures in the fault zone most
likely reflect alteration within the fault zone
rather than a contact with clay-rich country
rock, as is likely with fault zones that cut
through sedimentary basins and bring mud

rocks into contact with fault zones at shallow crustal levels.
In 2016, the California High Speed Rail Authority (CHSRA) drilled and cored
through a trace of the steeply northeast-dipping exhumed SGF to a depth of 493 m for a
geotechnical survey, providing excellent access to the fault-related rocks at depth. Borehole
ALT-B2 forms a shallow angle with the steeply dipping SGF (Fig. 1.4), thereby sampling
a large portion of the fault damaged zone. Drill logs and drill core samples provide a rare
opportunity to analyze in situ evidence for chemical and physical changes associated with
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the upper seismic-aseismic transition that occurs at ~2-3 km depth (Marone and Scholz,
1988; Marone et al., 1991; Marone and Saffer, 2007; Kaneko and Fialko, 2011) without
the impacts of alteration caused by near-surface weathering.
Southeast of the borehole drill site (Fig. 1.3), the Little Tujunga and Big Tujunga
Canyons expose surface traces of the SGF, where the Mendenhall Gneiss to the north is
juxtaposed against the Josephine Granodiorite to the south (Anderson et al., 1983). Here
the fault core exhibits relatively thin ultracataclasite zones, gouge zones (cm’s thick), and
foliated cataclasite (Anderson et al., 1983; J. S. Caine, pers. comm., 2021; d’Alessio, 2004;
see d’Alessio, in: http://seismo.berkeley.edu/~burgmann/RESEARCH/HEAT/trip.html
last accessed Jan. 29, 2021). In the Big Tujunga canyon, the SGF splits into the north and
south branches of the fault and the granitic rock near the fault exhibits shearing and iron
oxide staining (Dibblee and Carter, 2002).
The purpose of this thesis is to examine the macro- to microscale physical and
chemical properties of fault-related rocks at depth within the upper seismic-aseismic
transition and how these properties are spatially expressed and distributed. We hypothesize
that there should be overprinting and cross-cutting relationships of brittle and ductile
deformation textures recorded in the deformed and altered SGF rocks sampled by borehole
ALT-B2, and that the upper transition from seismic slip to aseismic creep is caused by
fluid-rock interactions (Jacobs et al, 2006) and the associated formation of and/or changes
in clay minerals (Warr and Cox, 2001; Marone and Saffer, 2007; Kaduri et al., 2017). We
integrate mesoscopic field sample and geotechnical core analyses, optical microscopy,
geochemical analyses, and in situ elemental mapping of fault-related rocks from core
samples and field exposures to address these hypotheses. Comparing drill core
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observations with surface field results and other studies provides a more comprehensive
picture of the nature of the fault zone and furthers our understanding of fault zone structure
and the upper seismic-aseismic transition of the SGF (Chester et al., 1993; Marone and
Scholz, 1988; Kaneko and Fialko, 2011). In addition, we demonstrate the use of
macroscopic X-Ray Fluorescence (XRF) mapping and analyses as a means to investigate
deformed, altered, and/or mineralized shallow fault-related rocks (Fusseis et al., 2014;
Edwards et al., 2018).
Chapter 2 of this thesis examines two major sets of rocks: 1) samples from drill
core from the SGF damage zone and fault core, and 2) field samples that were previously
collected by Jonathon Caine in the Little and Big Tujunga areas (J. S. Caine, pers. comm,
2021;

d’Alessio,

2004;

see

also

d’Alessio,

in:

http://seismo.berkeley.edu/~burgmann/RESEARCH/HEAT/trip.html last accessed Jan.
29, 2021). As this study involves drill core drilled through the protolith, damage zone, and
the fault core of the SGF, for the sake of clarity we will refer to the fault core as defined
by Chester et al. (1993) as the principal slip zone (PSZ) in this chapter. The results in this
chapter provide a suite of physical and chemical properties of fault-related rocks that likely
formed at ~2-2.5 km depth (Bull, 1978; Anderson et al., 1983; Chester et al., 1993; Blythe
et al., 2002), in the upper seismic-aseismic transition zone of the SGF. Data sets presented
include compilation and re-analysis of mesoscopic drill core data and field sample
observations, microstructural analyses, geochemical analyses, and synchrotron-based XRF
elemental maps. These data show evidence for brittle and ductile deformation processes
and pervasive fluid-rock interactions, and their cross-cutting nature imply that fluid-rock
processes vary spatially in the fault zone and occurred throughout multiple earthquake
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cycles. This chapter will be submitted for publication as a co-authored manuscript by K.A.
Crouch and J.P. Evans.
Chapter 3 of this thesis focuses on XRF synchrotron mapping in analyzing in situ
shallow fault properties and deformation at the microscale. The application of XRF
synchrotron elemental mapping is a relatively new technique in fault-related geoscience
problems (Fusseis et al., 2014) and this chapter and its appendices provides a description
of the methodology, workflow, and several key results. We present and interpret XRF
elemental maps and analyses showing microgeochemistry and microstructure of faultrelated rocks. These data have implications for significant geochemical variances across
shallow fault processes at the microscale scale, below those resolvable at the optical scale.
Chapter 3 will be revised before being submitted for publication and we anticipate this
manuscript will be authored by K.A. Crouch, J.P. Evans, and Dr. Sharon Bone.
Chapter 4 is a summary of key findings and conclusions from each chapter and how
they connect to the entirety of the thesis. This chapter concludes with a discussion of further
questions raised during the study, how these questions might be addressed in future
projects, and how XRF elemental mapping might be used to further geoscience research.
Raw

data

and

appendices

can

be

found

electronically

archived

at

digitalcommons.usu.edu/all_datasets/.
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CHAPTER II
MACRO- TO MICROSCOPIC SHALLOW FAULT COMPOSITION AND
STRUCTURE CHARACTERIZATION OF THE SAN GABRIEL RIGHT
LATERAL FAULT, CA IN DRILL CORE AND FIELD SAMPLES

ABSTRACT
Macro- to microanalysis of geotechnical drill core acquired across the exhumed
San Gabriel Fault (SGF), an ancient branch of the southern San Andreas Fault, California,
provides insight into the composition, properties, and structure of the upper transition from
dominantly seismic slip at depth to much larger proportions of aseismic creep within the
fault zone at shallow depths. The steeply plunging borehole ALT-B2 forms a 32° angle
with the 80° north-dipping SGF and provides a near continuous sampling suite of ~500 m
of protolith, two localized principal slip zones, and hundreds of meters of fault damage
zone that have little overprinting from near-surface alteration or weathering. We document
the effects of shallow faulting at a range of depths, utilizing drill core and outcrop field
samples from the little and Big Tujunga Canyons, with a focus on the microstructure and
geochemistry of the fault-related rocks. Integration of synchrotron X-ray fluorescence
(XRF) mapping, a novel technique in shallow fault studies, allows us to examine the spatial
distribution of elemental changes at the grain to drill core scales within samples. Data
reveal textures and alteration assemblages associated with brittle and ductile deformation,
including fractures, breccia, veins, mineral alteration, shear zones, and cataclasis.
The damage zone of the SGF is at least 200 m thick and has two well-developed
principal slip zones composed of cataclasite, ultracataclasite, and intact clay gouge. Core
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recovery rate was high (94.95%), and such well-indurated fault-related rock formed at
shallow depths is inconsistent with some current fault structure models that suggest that
much of the upper ~2-3 km of faults consist of unconsolidated gouge and/or clay fault
gouge. An upper ~10 m thick, principal slip zone at 313 m measured depth separates
Mendenhall Gneiss and Josephine Granodiorite and projects to the surface trace of the SGF
with an 80° north dip. A 20 m thick principal slip zone at 425 m measured depth is enclosed
within the Josephine Granodiorite. Here the fault rocks are comminuted and better
developed than those in the upper principal slip zone and include the most comminuted
rocks in the entire suite of fault rocks in the ALT-B2 drill hole. Another 100 m of damaged
rocks may be present in the unsampled wall rocks of this lower fault core if its dimensions
match those of the damage zone around the central fault core.
Synchrotron XRF mapping shows high concentrations of Fe associated with areas
of damage and shearing, with associated concentrations of Mn, Cr, Ni, Fe, Ti along discrete
slip surfaces, breccia matrices, foliated shear zones and cataclasite, veins, fractures, and
injections into host rock and existing fabrics. Loss on ignition values are 2-5% higher in
damaged rock than in the protolith, and hydrothermal alteration assemblages, abundant
clay, and cross-cutting relationship indicates evidence for fluid-rock interactions and
alteration that occurred with deformation and that these processes occur at shallow levels
within the fault zone. We suggest that fluid-rock interactions play an important role in
shallow fault-related deformation mechanisms and influence the transition from mostly
seismic-dominated slip to more aseismic-dominated creep within the shallow SGF. Our
data records pervasive and cross-cutting brittle and ductile deformation textures, indicating
influence from both seismic and aseismic deformation mechanisms within the deformed
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and altered shallow SGF. We emphasize the need to consider both mechanisms when
modeling fault and earthquake behavior.

2.1. Introduction
Faults accommodate the energy release within and displacement of rocks due to
stresses within the earth’s crust. Vital to evaluating earthquake hazards and modeling
seismic energy dissipation is characterizing the behavior and structure of faults (Kaneko
and Fialko, 2011; Roten et al., 2017). Recent surface and subsurface investigations
(Studnicky et al., 2021; Kaduri et al., 2017; Marone and Saffer, 2007) indicate that shallow
fault properties and structure may play a more important role in fault slip and slip
recurrence calculations than previously thought. The classic model of fault deformation as
a function of depth (Scholz, 1988; 2019), which defines the shallow fault-related rock as
incohesive fault and clay gouge (Scholz, 2019), may not adequately characterize the
behavior in the upper ~2-3 km of fault zones. A shallow coseismic slip deficit may exist in
the total displacement budget of fault movement (Fig. 1.2; Simons et al., 2002; Fialko et
al., 2005; Roten et. al., 2017; Nevitt et al., 2020) and subsequent post-earthquake aseismic
sliding and/or distributed microseismic (Mw -1) processes may contribute to total slip along
a fault. Without a clear quantification of the properties of shallow faults, the upper
transition from seismic-dominated slip to aseismic- or microseismic-dominated creep
(Marone and Saffer, 2007; Marchandon et al., 2021), and how shallow slip is allocated
during and after seismic activity, recurrence models and seismic energy budgets
(Kanamori, 2001) may overestimate the total amount of coseismic slip and may not capture
correct recurrence rates.
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Drill core drilled to a depth of 493.1 m (457.2 m true vertical depth) through the
San Gabriel Fault (SGF), an ancient exhumed branch of the southern San Andreas Fault,
California, provides an excellent opportunity to examine fault-related rocks that are
interpreted to have formed at depths of ~2-2.5 km or deeper (Blythe et al., 2002) and to
observe the effects of shallow faulting without secondary interference from near-surface
weathering. These fault-related rocks record the results of earthquake processes that
occurred within the upper seismic-aseismic transition (Marone and Saffer, 2007) in the
form of the degree and nature of rock textures, compositions, and alteration patterns. We
utilize drill core from the subsurface SGF, supplemented by some outcrop samples
collected at the surface, to examine the physical and chemical properties of fault-related
rocks to constrain the nature of the transition from seismic slip to aseismic creep in the
shallow SGF.
We integrate macro- to microscale analyses of the drill core and inventory the
properties that are spatially distributed and expressed in the fault zone. If the slip deficit at
shallow depths hypothesized by other workers is correct, then rocks in the depth range of
our study should record two or more distinct sets of processes that show alternating and
cross-cutting relationships in the fault-related rocks. Many sets of brittle processes would
form during the shallow, very rapid displacements during major earthquakes along the fault
zone. A second set of aseismic processes would form between the coseismic events, and
might include creep, clay smearing, ductile shearing, twining or any other displacement
process that does not generate measurable earthquakes. There is no requirement of one-toone ratios of seismic and aseismic processes, and several seismic events might occur in
sequence before some unspecified number of aseismic events. If this hypothesis is correct,
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complex overprinting of brittle and ductile deformational fabrics would be generated and
expected in the rock mass. We propose that there should be overprinting and cross-cutting
relationships of brittle and ductile deformation textures recorded in the deformed and
altered SGF rocks sampled by borehole ALT-B2, and that the upper transition from
dominantly seismic slip to aseismic creep is caused by fluid-rock interactions (Jacobs et al,
2006) and the associated formation of and/or changes in weak clay minerals (Warr and
Cox, 2001; Marone and Saffer, 2007; Kaduri et al., 2017).
Previous work along the SGF focused on surface expressions of the fault (Anderson
et al. 1983; Chester et al., 1993; Evans and Chester, 1995), with the sites studied in Chester
et al. (1993) and Evans and Chester (1995) exhumed from depths of at least 3.5 km (Blythe
et al., 2002). Northwest from these sites, the sites studied in Anderson et al. (1983) and
field outcrop samples supplementing the work in this thesis were exhumed ~ 2 km in the
Tujunga fault block (Blythe et al., 2002). Together, these studies provide a snapshot of the
fault processes that occurred from depths of ~2 km to >3.5 km within the SGF. The
exhumed and cored SGF potentially preserves in its rock record key textural and
compositional fault properties within the upper seismic-aseismic transition zone that may
be used as an analog for deciphering the nearby active San Andreas fault system and other
transform faults.

2.2 Geologic Setting
2.2.1 San Gabriel Fault
Located in the southeastern San Gabriel Mountains of southern California, the San
Gabriel Fault (SGF) accommodated >40 km of right-lateral transform slip between 12 to 5
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million years ago (Powell et al., 1993) as a precursor to the San Andreas Fault in the early
development of the San Andreas fault system. As part of the Transverse Ranges of southern
California, the San Gabriel Mountains have uplifted due to slip on the underlying northdipping Sierra Madre thrust fault zone, exhuming earthquake nucleation sites along the
SGF from depths >2 km (Bull, 1978; Chester et al., 1993; Blythe et al., 2002), with our
sample sites representing rocks that are interpreted to have formed at 2-2.5 km depth in the
SGF. The majority of the deformation recorded in the fault-related rocks occurred at depth
during the most active phase of the SGF; however, continued slip at much slower rates in
the Quaternary at depths of 250 to 400 m below the surface of the earth may have
contributed to deformation. Quaternary slip rates of 0.2 to 1 mm/yr are estimated for the
southern strand of the SGF, which is ~8-10 times slower than its most active rate in the
Mio-Pliocene period (Weber, 1977; Yeats et al., 1994; Lee and Schwarcz, 1996). Evidence
for Quaternary slip is in the form of aligned canyons, offset Miocene-Pliocene deposits,
and possible degraded fault scarps (Beyer et al., 2009) and as much as 5 km of postMiocene slip is possible (Bryant, 2017).
The San Gabriel Mountains are composed of medium to coarse Precambrian and
Cretaceous metamorphic and igneous rocks, primarily gneiss, granite, granodiorite, and
minor amphibolite and gabbro of the Mendenhall Gneiss and Mt. Lowe Intrusive Suite
(Fig. 2.1; Bath and Ehlig, 1988; Anderson et al., 1983; Campbell et al., 2014). Geologic
maps show multiple traces of the SGF along the fault zone that are up to ~100 m apart
(Jennings and Strand; 1969; Dibblee and Ehrenspeck, 1991; Yerkes et al., 2005; Campbell
et al., 2014). In the central San Gabriel Mountains, the SGF splits into the north branch and
south branch, with the south branch joining the Sierra Madre-Cucamonga thrust system to
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Figure 2.1. Geologic map of the San Gabriel Mountains, southern CA, adapted from Yerkes et al., (2005) and simplified borehole
ALT-B2 cross-section adapted from CHSRA drill logs, (Guptill, electronic comm., 2017). Map shows the location of ALT-B2
borehole and Little and Big Tujunga field sites along the San Gabriel Fault. Red lines on map represent faults from the SCEC
CFM5.3 database. ALT-B2 borehole dips 68° south through the SGF to total depth 493.1 m. Surface location of borehole ALTB2 may be projected in slightly from the west. Abbreviations are SGF—San Gabriel fault; LT—Little Tujunga; BT—Big Tujunga;
Pmgn—Mendenhall gneiss; Kgrd—Josephine granodiorite.
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the southeast. Slip along the surface trace of the SGF is confined to a principal slip zone
consisting of cm to m thick zones of ultracataclasite and foliated cataclasite (Anderson et
al., 1983; Chester et al., 1993; Evans and Chester, 1995). In this study, we utilize drill core
drilled from the SGF and field samples from the surface expression of the SGF in the Little
and Big Tujunga Canyons that formed at depths of 2-2.5 km (Blythe et al., 2002) in the
SGF.
2.2.2 ALT-B2 Geotechnical Core
The California High Speed Rail Authority (CHSRA) collected drill core in 2016 as
part of a geotechnical survey from the ALT-B2 borehole that crosses the SGF at depth. The
ALT-B2 borehole samples an extensive portion of the fault damage zone and principal slip
zone and reached a total drill hole measured depth of 493.1 m and a true vertical depth
(TVD) of 457.2 m, plunging ~68° to the direction of 162° and forming a ~32° angle with
the ~80° north-dipping SGF (Fig. 2.1; Langenheim et al., 2011). The ALT-B2 borehole
was drilled in 2016 using an HQ drill rod (3.5 in./8.9 cm diameter) coring system and
spudded at 34.359514°N, 118.398809°W (371364.94E, 3802894.69N, UTM zone 115) at
an elevation of 864.38 m MSL (2,835.89 ft).
Drilling reports indicate difficult drilling conditions and clay-squeezing at 316.3324 m measured depth (mmd) in the borehole (Paul Guptill, written comm., 2017). Poor
borehole conditions in ALT-B2, and in the fault zone of other boreholes drilled through
the SGF, resulted in a lack of borehole-based seismic velocity measurements through the
fault zone. Draft geotechnical reports (Paul Guptill, written comm., 2017) provide data on
lithology, rock quality designation (RQD), hardness, weathering, fracture density,
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unadjusted rock mass rating (RMR), geological strength index (GSI), and rock mass quality
(Q) of nearly 493 m of core.
2.2.3 Little and Big Tujunga Canyon Exposures
Located 8-16 km southeast of the borehole ALT-B2 drill site (Fig. 2.1), the Little
Tujunga and Big Tujunga canyons expose the surface trace of the SGF. The main trace of
the SGF is visible in the Little Tujunga canyon and in the Big Tujunga canyon, the SGF
splits into the north and south branches. The basement rock in the area is composed of the
Precambrian Mendenhall Gneiss to the north juxtaposed against a suite of Cretaceous
granodiorites to gabbros to the south (Anderson et al., 1983). The surface trace of the SGF
manifests as thin untracataclasite zones, gouge zones, and zones of foliation (Anderson et
al., 1983; J. S. Caine, pers. comm., 2021; d’Alessio, 2004). These fault-related rocks
formed at depths of ~2 km and were later exhumed to the surface (Blythe et al., 2002).

2.3 Methodology and Workflow
We document the physical and chemical properties of fault-related rocks and
examine evidence for deformation, fluid-rock interaction, and changes in clay mineralogy
within the upper seismic-aseismic transition zone of the SGF. We integrate macroscopic
drill core and outcrop sample analyses, optical microscopy, geochemical analyses, and
synchrotron XRF elemental mapping of fault-related rocks. This approach to analyzing
fault-related rocks focuses on linking observations and analyses from the macroscale to the
microscale in our workflow, enabling us to correlate analyses across multiple scales of
observation and to document the effects of faulting at a range of depths, with a focus on
deformation textures and geochemistry of the shallow fault-related rocks (Fig. 2.2). If
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Figure 2.2. Scope of fault-related rocks, from macro-microscale. Images from left to
right: a) Lidar, b) outcrop (from d’Alessio), c) geotechnical core, d) optical microscopy,
e) synchrotron XRF elemental mapping, f) XRD geochemical data.

shallow slip deficit does exist (Roten et al., 2017; Kaneko and Fialko, 2011) then rocks in
the depth range of our study might record processes that alternated over time. The shallow
slip may be due to fluid-assisted processes at shallow depths. We test this hypothesis by
assessing for the prevalence of fluids, the deformational role of fluids, and the possible
differences of fluids within the deformed fault-related rock.
This research analyzes drill core samples from the 493 m long geotechnical
borehole ALT-B2 drilled through the SGF damage zone and principal slip zones. We
supplement drill core data with some data from outcrop samples from the Little and Big
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Tujunga canyons that were previously collected by Jonathon Caine and prepared and stored
at USU (J. S. Caine, pers. comm, 2021; d’Alessio, 2004; see also d’Alessio, in:
http://seismo.berkeley.edu/~burgmann/RESEARCH/HEAT/trip.html, last accessed Jan.
29, 2021). These drill core results along with surface field results and previous SGF studies
(Chester et al., 1993; Evans et al., 1995) provide a more comprehensive picture of the
nature of coseismic slip (Caine et al., 1996; Chester, 1998; Sibson, 2003) and furthers our
understanding of fault zone structure and the upper seismic-aseismic transition (Chester et
al., 1993; Marone and Scholz, 1988; Kaneko and Fialko, 2011) along the SGF. The ALTB2 drill core dataset includes borehole data provided in a draft technical report in 2017
(Guptill, electronic comm., 2017), 28 core samples, 28 thin sections, 37 X-ray diffraction
(XRD) measurements, 41 inductively coupled plasma atomic emission spectroscopy (ICPAES) and inductively coupled plasma mass spectrometry (ICP-MS) whole-rock
geochemical analyses, and 52 synchrotron XRF elemental maps. The field sample dataset
consists of 26 field samples, 40 thin sections, and 9 ICP-AES and ICP-MS analyses.
2.3.1 Mesoscopic Core and Outcrop Samples
Mesoscopic analyses allow us to document key features and relationships within
the fault zone, such as the presence of shear fabrics, the nature of alteration, the distribution
of veins, slip surfaces, and other features that are indicators for possible fluid-rock
interactions, clay-rich areas, and intensity of deformation. The ALT-B2 borehole formed a
shallow angle with the steeply dipping SGF, thereby sampling a large portion of the fault
damaged rocks, with an average drill core recovery rate of 94.95%. The RQD, GSI, and
RMR values provided in the draft geotechnical reports (Paul Guptill, written comm., 2017)
are calculated geotechnical parameters that are used to quantify rock strength or its
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engineering stability (Zhang, 2016). RMR is an algebraic sum of six parameters (uniaxial
compressive strength (UCS) of intact rock material, rock quality designation (RQD), joint
or discontinuity spacing, joint condition, groundwater condition, and joint orientation
(Bieniawski, 1979; 1984; Singh and Goel, 2011)), and we show those data here. Drill logs
were originally reported in imperial system measurements and have been changed to metric
measurements for this thesis.
This thesis builds on the work of Crouch and Evans (2019a, b) in which we
recompiled observations of 1.97 m of core from 13 different sites, previously collected
from a field storage site in Valencia, CA in 2017 by former USU student Caroline
Studnicky. In July 2019, after reviewing the geotechnical logs and reports, we made a quick
survey of most of the drill core and targeted specific sample zones and retrieved 3.15 m of
additional drill core samples from Caltrans storage warehouse in Fresno, CA, for a total
length of 5.12 m of drill core from 28 sites. Drill core sampling sites were chosen using
on-site geologist’s notes (in 2017) and geotechnical core log data (in 2019) to encompass
the entirety of the length of the drill core and to target protolith and fault-related rocks
within the principal slip zones and damage zones. Crouch and Evans (2019a, b) also
summarized the fracture density data from the CHSRA geotechnical data (Fig. 2.3). Drill
core samples are largely well indurated and we applied epoxy to the outer surfaces as a
precaution to preserve the integrity of the core and structures.
The up-dip parts of the SGF are exposed in Little and Big Tujunga Canyons (Fig.
2.1). Outcrop samples were collected by J. S. Caine in 1993 and prepared by Evans in 1994,
along with 40 thin sections. Data and images for 22 hand samples (roughly ranging from
25 cm3 to 2750 cm3) of these exposed rocks and thin sections can be found in Appendix C
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and Appendix D. Associated field notes (J. S. Caine, pers. comm, 2021; d’Alessio, in:
http://seismo.berkeley.edu/~burgmann/RESEARCH/

HEAT/trip.html,

last

accessed

October 2021) establish their provenance relative to the faults and provide small-scale
structural data. These field sites are discussed in Anderson et al. (1983), which is among
the first systematic analyses of the geochemistry of fault-related rocks. These samples are
surface representations of the SGF and formed at ~2 km depth, based on the amount of
exhumation of the range (Blythe et al, 2002). The combination of the surface collection
and drill core (formed at ~2-2.5 km depth) provides a window on fault processes across
almost 500 m vertically. Drill core and outcrop samples are divided into three major
categories for analysis: 1) protolith, 2) damage zone, 3) and principal slip zone.
2.3.2 Microscopy
Optical microscopy analyses allow us to observe grain-scale deformation and the
textural composition of the fault-related rock in thin section samples. We examine the
relationship of grains to surrounding material, the evidence for interaction of minerals,
grain-size fracturing and deformation, evidence for shearing, and evidence of fluid-rock
interactions (Schulz and Evans, 1998; Bradbury et al., 2015). We examine 27 standard (27
x 46 mm x 30 µm) and 11 large (51 x 77 mm x 30 µm) probe polished thin sections from
the ALT-B2 core created by Spectrum Petrographic in 2019 and 2020. Thin sections from
outcrop samples include 26 standard and 8 large thin sections, previously acquired by
Evans. Entire thin section scans were made using an Epson Perfection Pro scanner in planepolarized and cross-polarized light. Standard optical microscopy practice was conducted
to identify microstructure and composition, and select regions were photographed at 10x
magnification using the Leica DM 2700 P microscope and Leica Application Suite (LAS)
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software in the USU Geoscience Petrography Lab. Plane- and cross-polarized images of
all thin sections can be found in Appendix D.
2.3.3 Geochemistry and Mineralogy
We conduct systematic X-ray diffraction (XRD) and whole-rock and synchrotronsourced X-ray fluorescence (XRF) analyses to establish whole-rock mineralogy and
elemental compositions, and to constrain clay compositions, possible depth ranges,
temperature fluctuations, and fluid-rock interactions that existed in the fault-related rocks
(Marone and Saffer, 2007). Fluid-rock interactions alter the mineralogy of rocks (Warr and
Cox, 2001; Callahan et al., 2020), and elemental variations (Ishikawa et al., 2008;
Ishikawa, 2014) can be an indication of the nature of the fluids that may have interacted
with the rocks. Field, protolith, damage zone, and principal slip zone samples were subsampled to document minute changes in mineralogy, variations in distance from the
principal slip surface, slip surface compositions, and relative abundances.
A total of 37 whole-rock powder samples from core were analyzed at the USU
Geosciences X-ray Diffraction Lab using the PANalytical X’Pert PRO XRD Spectrometer
with monochromatic Cu K-α radiation. Samples of 1 gram whole-rock powder material in
an aluminum sample plate were run with 0.02° steps/sec over 2-75° at 45 kV and 40 mA.
We used the PANalytic X’Pert HighScore program to index peaks and identify minerals,
using a restriction set to eliminate elements that are unlikely to be major components with
gneissic or granodiorite protolith and associated fault-related rocks. Mineral phases and
reference peaks were user-matched, prioritized by high scale and score factors.
Whole-rock geochemistry of 41 drill core samples and 9 outcrop samples were
examined by ALS Geochemistry labs using inductively coupled plasma atomic emission
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spectroscopy (ICP-AES) and inductively coupled plasma mass spectrometry (ICP-MS)
analyses of major, minor, trace, and rare-earth elements in ~ 2 g aliquots of fine-grained
powders collected from the different fault-related rocks. We further split the rock-type
categories designated in core and thin section samples to compare differences and
similarities of geochemistry between the damaged and altered rock with the corresponding
protolith. The protolith is split into amphibolite, quartzofeldspathic, and granodiorite
protolith, with the amphibolite and quartzofeldspathic protolith representing the
Mendenhall Gneiss north of the fault zone and the granodiorite protolith representing the
Josephine Granodiorite south of the fault zone. Granodiorite protolith data are
supplemented by whole-rock geochemistry data presented in Anderson et al. (1983) and
Barth et al. (1995). The damage zone is split into subcategories of gneissic damage zone
and granodiorite damage zone.
We performed bootstrapping statistical analyses (Bendat and Piersol, 2000; Sohn
and Menke, 2002) on the whole-rock XRF data with 90% confidence intervals and 1500
iterations (Appendix G). Bootstrapping is a method for estimating standard errors and
confidence intervals that does not rely on any assumptions in the data distribution, unlike
traditional methods of mean, mode, and confidences intervals for an assumed normal
distribution of data, where some a priori assumptions are embedded in the analysis. We use
a bootstrap script first provided by R. Williams (written comm., 2021) and used in
Studnicky (2021) and Smith (2021). We revised the script and used it to define confidence
intervals of the whole-rock data and to model differences and similarities of the rock types
on major element bivariate plots. We used trace element geochemistry data to create
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normalized enrichment-depletion diagrams (Rollinson and Pease, 2021) comparing
damaged and altered rock trace element values relative to protolith values.
2.3.4 XRF Elemental Mapping
XRF elemental mapping of fault-related rocks allows us to examine in-situ spatial
distribution of elemental changes and abundances within altered rocks that can reveal how
fluid-rock interactions occurred at the grain scale and how these elemental signatures are
related to the different rock types/fabrics in the deformed rocks. We use the extremely
bright X-ray beam at the Stanford Synchrotron Radiation Lightsource (SSRL) to target the
structure and properties of matter at the submicroscopic level. We scanned portions of 22
probe-polished thin sections from damage zone and principal slip zone core samples and
collected and analyzed a total of 52 XRF elemental maps, 25 of which were scanned on
beamline 2-3 and 27 on beamline 10-2 at SSRL. On beamline 2-3, we used spot dwell times
of 10 and 25 ms, and spot resolutions of 2, 5 and 50 µm at an energy level of 7200 or 12500
eV. On beamline 10-2, we used spot dwell times of 25 ms, and spot resolutions of 25-75
µm at an energy level of 8000 or 12500 eV. These data were analyzed using X-ray
microprobe software, Sam's Microprobe Analysis toolKit (SMAK), to create elemental
concentration maps, tricolor RGB plots, and correlation plots. A more in-depth explanation
of this process can be found in Chapter 3 of this thesis.

2.4 Results
We document the physical and chemical properties of fault-related rocks within the
shallow crust and examine evidence for deformation, fluid-rock interaction, and changes
in clay mineralogy associated with the SGF, and summarize these observations in Table
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2.2. The ALT-B2 drill core provides a suite of rocks sampling through the SGF at depth
with little interference from near-surface weathering, therefore we focus most of our results
on analyses from the ALT-B2 core with some supplementation from surface outcrop
samples. The host rock of the ALT-B2 core consists of Mendenhall Gneiss to depths of
313 m measured depth (mmd) along the borehole, with some minor igneous intrusive rocks,
and Josephine Granodiorite from ~313 mmd to the bottom of the borehole (Fig. 2.3). Two
principal slip zones are recorded in ALT-B2 core logs, corresponding with indurated
fault/clay gouge recorded at 313-325 mmd and 456.5-476.5 mmd along the borehole. The
upper principal slip zone at 313-325 mmd coincides with the lithologic change from the
gneissic rocks to the north and the granodiorite to the south of the SGF. We interpret this
as the main fault zone, as did the geotechnical report (Guptill, electronic comm., 2017).
Correction for the obliquity of the drill hole suggests that this principal slip zone has a true
thickness of about 6.5 m. The lower principal slip zone is 11 m thick, nearly double the
one associated with the main fault zone. It is embedded within the Josephine granodiorite
and may define a margin of the damage zone of the SGF. The drill hole did not continue
much further beyond this zone, however, so that relationship is not certain (Fig. 2.3).
We compiled the fracture data presented in the geotechnical study in order to
determine the nature of fractures and present the intensity of fracture spacing along the
borehole, from slight to very intense (Fig. 2.3), where slight is defined as 30-90 cm spacing
between fractures, moderate is 10-30 cm, intense is 2.5-10 cm, and very intense is <2.5.
There are two intensely to very intensely fractured zones with lower RMR values, at 40104 m north of the upper principal slip zone (120-240 mmd in borehole ALT-B2) and up
to 60 m south of the upper principal slip zone (313-425 mmd) (Fig. 2.3). Fracture spacing
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Figure 2.3. Cross-section of ALT-B2 borehole showing simplified lithology, fracture
density, and locations of core samples, geochemical data, and the SGF. Lithology consists
of Mendenhall Gneiss to 313 m depth, and Josephine Granodiorite to the bottom. ALTB2 shows two principal slip zones, two damage zones, two highly fractured zones, and
two zones of lower fracture intensity and plastic shear (blue arrows). Rock mass rating
(RMR) from geotechnical reports, with red zones indicating poor to very poor (<40) RMR
values. Fracture spacing is at least one fracture every: slight=30-90 cm; moderate=10-30
cm; intense= 2.5-10 cm; very intense= <2.5 cm. Kelly Bushing Height is 864 m MSL.
Results do not report ~6 m of surface gravel and soil.
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is relatively less intense directly north of the principal slip zones, with a ~40 m wide zone
of slight-moderate intensity north of the upper principal slip zone and a 15 m wide
moderate intensity zone north of the lower principal slip zone. The rocks in these lower
intensity fracture zones have higher RMR values and exhibit plastic shearing and folding,
with fewer preserved fractures and veins. We observe lozenges of relatively unaltered to
slightly altered protolith around 61 m and 25-30 m north of the main SGF trace (at 251
mmd and 280-288 mmd in the borehole).
The rocks in the ALT-B2 borehole exhibit fault damage zones extending ~100 m
to the north and ~ 70 m to the south of the upper principal slip zone, totaling in nearly 200
m of fault damage zone sampled by the borehole. The damage zones are defined by intense
to very intense fracture spacing, sheared rock, and alteration and damage assemblages.
Consistently poor to very poor RMR values (<40) are recorded at 40-104 m north of the
upper principal slip zone (120-240 mmd in borehole ALT-B2), up to 60 m south of the
upper principal slip zone (310-425 mmd), and at the principal slip zones (313-325 mmd
and 456.5-476.5 mmd). Low RMR values indicate that these zones consist of a
combination of low uniaxial compressive strength, high fracture spacing, fracture
orientations and conditions, high water saturation, and poor drill core recovery
(Bieniawski, 1979; 1984).
Drill core samples are divided into three major categories based on mesoscopic
observations, geotechnical reports, and distance from the principal slip surface: 1)
protolith, 2) damage zones, and 3) principal slip zones (Fig. 2.4). The slightly to moderately
deformed protolith of ALT-B2 consists primarily of the Mendenhall Gneiss (Fig. 2.4A).
The borehole does not sample undamaged igneous rock from the Josephine Granodiorite,
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Figure 2.4. Overview of rock types and deformation textures sampled by borehole ALTB2. A) Relatively undamaged gneissic protolith with gneissic banding (gn). B) Clay-rich
gouge and breccia damage zone rock with quartzofeldspathic (QF) clasts, from gneissic
protolith. C) Foliated cataclasite with penetrative fabric (S1) and elongate calcite (Ca)
clasts, from gneissic protolith. D) Highly indurated breccia (Br) with brittle fracture (Fr),
from gneissic protolith. E) Brecciated damage zone rock with quarztofeldspathic (QF)
clasts. F) Well indurated cataclasite with comminuted quartzofeldspathic clasts (qf) and
zones of cementation (cm), from upper principal slip zone. G) Breccia with cross-cutting
chlorite (Cl) and calcite (Ca) veins, from diorite protolith.
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but outcrop samples collected previously do sample relatively undamaged rock from the
Josephine Granodiorite and the Mendenhall Gneiss at the surface. The damage zones
exhibit fault-damaged rocks with various levels of fractures, breccias, veins, folding, shear,
and cataclasis (Fig. 2.4B-E, G). The principal slip zones consists of cataclasite,
ultracataclasite, and moderately indurated clay gouge immediately proximal to and within
the fault (Fig. 2.4F).
Microstructure, geochemical, and XRF map analyses are presented for
representative parts of the borehole to provide a comprehensive suite of data across the
fault zone. The drill core sample label convention throughout this work indicates the SGF
and core box number (i.e., which core box it was stored in), followed by .1, .2, etc. if there
are multiple samples from the same core box (organized by depth, with .1 being the sample
from the shallowest depth). Thin sections and geochemical samples follow similar
convention. Designations of A, B, C indicate a continuous measure of drill core that was
broken into segments during transport. Sample SGF93.2 is therefore the second sample
from box 93. Depths of these samples are shown in Appendix A and B.
2.4.1 Mesoscopic Observations
We examined in detail 5.12 m of drill core from 28 key locations along borehole
ALT-B2 and evaluated much of the drill core in person in 2019, with observations made
by C. Studnicky (pers. comm., 2017, 2019) of the entire core and the detailed lithology
logs from the project report to guide and inform our studies and sample locations. Drill
core samples show relatively high induration (unless otherwise indicated in Appendix B)
and average core recovery rate was 94.95%. The 0.9 m of gneissic protolith from 4 different
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sites show gneissic banding 0.2-2 cm thick and feldspar (primarily albite to oligoclase) and
hornblende dominated mineralogy with slight to moderate damage. Gneissic protolith
samples are differentiated from damage zone samples by the presence of well-defined
gneissic banding of altering light and dark bands and minerals that are easily recognizable
(Figs. 2.4A, 2.5A-B). The Mendenhall Gneiss experienced high-grade Precambrian
granulite-grade and Mesozoic greenschist-grade metamorphism (Anderson et al, 1983).
The damage zone samples we examine consists of 3.7 m of core from 20 sites.
Damage zone samples exhibit breccias, cataclasites, shear zones, penetrative shear fabrics,
fractures, veins, iron oxide in veins and mm-wide zones, and discrete slip surfaces, with
many samples showing multiple types of deformation (Fig. 2.5C-H). Plastically sheared
samples in the damage zones directly north of the upper and lower principal slip zones
(Fig. 2.3) exhibit folding of foliated cataclasite and penetrative shear fabrics, with generally
fewer and smaller preserved veins (Fig. 2.5D, F, H). Some veins in the sheared rock show
cross-cutting relationships with existing cataclastic foliations (Fig. 2.5 F). Veins visible in
the Josephine Granodiorite damage zone south of the upper principal slip zone are larger
and more abundant than those preserved in damaged rock in the Mendenhall Gneiss north
of the upper principal slip zone, with veins up to 1.5 cm wide and >20 cm long (Fig. 2.5C).
Drill core in the granodiorite damage zone tends to be slightly less indurated than drill core
from the gneissic damage zone (Appendix A).
We have 0.5 m of principal slip zone samples from 4 different sites, two in the
principal slip zone at 313-325 mmd and two in the lower principal slip zone at 456.5-476.5
mmd. The samples from the upper principal slip zone show cataclasites, shear surfaces,
and fractures (Fig. 2.5I). The samples from the lower principal slip zone exhibit very fine-
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Figure 2.5. Drill core of
protolith, damage zone,
and principal slip zone.
Protolith shows slightly
deformed gneiss. Damage
zone consists of altered
and damaged rocks that
show foliated cataclasite
(D, F, H), breccia (C, E,
G), veins (C, D, E, G), Feoxide (C, G), and discrete
slip surfaces (C, D, F, G,
H). Principal slip zone
exhibits gouge, clay,
cataclasite,
and
ultracataclasite. Sample
names and measured
depth: A) SGF11, 55.956.1 m; B) SGF56, 251251.2 m; C) SGF93.3,
416.3-416.45
m;
D)
SGF60.1, 267.3-267.45 m;
E) SGF94.2, 418.9-419 m;
F) SGF96, 426.3-426.45
m; G) SGF92, 408.4-408.6
m; H) SGF54, 244.4-244.6
m; I) SGF71, 315.9-316
m; J) SGF103, 456.4456.5 m.
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grained fault-related rocks such as ultracataclasite and relatively well indurated clay fault
gouge (Fig. 2.5J). A complete presentation of drill core images and descriptions can be
found in Appendix B. Field outcrop sample images can be found in Appendix C.
2.4.2 Microstructures
We examined 38 thin sections from drill core. Thin sections span the length of the
ALT-B2 borehole, with at least one thin section from every drill core sample and rock type
identified in the drill core (Appendix D). Protolith samples consist of slightly to moderately
fractured gneiss, with quartz, relatively unaltered feldspar, biotite, and hornblende grains
(Fig. 2.6). Gneissic foliation is defined by 0.1-0.5 m bands of leucocratic and mafic mineral
zones with little to no mineral alignment (Fig. 2.6A). The protolith gneiss is cut by thin
intra- and intergranular fractures with no or 1-2 preferential directions, discrete slip
surfaces, and fewer veins of quartz, calcite, and hornblende (Fig. 2.6B) when compared to
damaged rocks.
Damage zone samples show a range of deformation microtextures and fabrics such
as the presence of foliated cataclasites, breccia, shear zones, fractures, veins, zones of
chloritization, and Fe-oxide rich slip surfaces and zones (Figure 2.7; Appendix D).
Damaged and altered fault-related rock have abundant evidence for alteration and fluidassisted deformation, including chlorite and calcite veins, alteration minerals, and
cementation. Foliated cataclasites show banding of concentrated Fe-oxide or calcite rich
material and brecciated and deformed host rock (Fig. 2.7A-B). Cataclasites exhibit a
chlorite-rich folded and refolded texture juxtaposed against breccia (Fig. 2.7B). Breccia
samples exhibit Fe-oxide/chlorite- and microbreccia-rich matrices and the cementation of
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Figure 2.6. Protolith thin section photomicrographs in plane polarized light. A)
SGF56. Protolith exhibiting gneissic banding, intra- and intergranular fractures (Fr)
and quartz (Q), feldspar (P), and biotite (B) grains. B) SGF11. Protolith with no
alignment of grains and quartz vein offset by discrete slip surface (SS).

quartzofeldspathic grains, with quartzofeldspatic clasts exhibiting micro- and intragranular
fractures and mosaic fracture textures (Fig. 2.7B-C). Many of the primarily hornblende
grades are degraded to chlorite.
Fe-oxide rich slip surfaces manifest as very thin to mm-thick slip surfaces that
sometimes appear to have injected into surrounding material (Fig. 2.7B-D). Veins are
composed of quartz, calcite (Fig. 2.8), chlorite, and Fe-oxide. Cross-cutting relationships
can show evidence for multiple generations of veins and display overprinting of brittle
and plastic deformation events (Fig. 2.7C, D; Fig. 2.8). Veins in samples from the damaged
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Figure 2.7. Photomicrographs of thin sections of damage zone samples in plane polarized
light. A) Cataclasite with penetrative fabric and bands of Fe-oxide (Fe) and breccia (Br).
B) Cataclasite showing two distinct deformation textures. 1) Chlorite-rich folded
cataclasite, with evidence for multiple folding events—outlined in red. 2) Breccia with
randomly oriented fractures. Textures are separated by a mm thick Fe-oxide slip surface
(dark blue). C) Breccia with zones of chloritization (Cl), Fe-rich slip surfaces (Fe), mmthick truncated twinned calcite veins and calcite grains (Ca), and cemented microbreccia
flow texture (mb—outlined in orange). D) Cataclasite with penetrative foliated
cataclasite fabric (S1—Purple) and intergranular fractures (light blue). Thin Fe-rich slip
surfaces with Fe-oxide dispersing within the sheared rock (Fe—White). Note crosscutting relationships of cataclastic fabric, fractures, twinned calcite, and Fe-rich slip
surfaces.
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Josephine Granodiorite south of
the main principal slip zone are
frequent

and

visible

at

the

mesoscopic level, with veins up to
1.5 cm wide and >20 cm long
(Fig. 2.8), while veins in the
damaged rock north of the main
principal slip zone are mostly
visible only at the microscale.
Mechanically twinned calcite is
pervasive throughout the damage
Figure 2.8. Photomicrograph of thin section in
cross-polarized light. Twinned calcite (Ca)
vein in sample from the damage zone. Note
cross-cutting relationship of twinned calcite
vein (Ca) and brittle fractures (Fr).

zone, visible in veins and clasts of
calcite (Fig. 2.7C; Fig. 2.8), and is
often cross-cut by brittle fractures
and veins.

Samples from the principal slip zones show cataclasite, ultracataclasite, and
relatively well-indurated clay gouge (Figure 2.9; Appendix D). The main principal slip
zone exhibits zones of chloritization, cemented microbreccia and breccia, and intergranular
fractures (Fig 2.9A). Quartzofeldspatic clasts that lie in an Fe-rich matrix are angular to
subrounded and exhibit intragranular fractures, and in some cases appear to be fragments
of damage zone. The lower principal slip zone consists of clay fault gouge and
ultracataclasite with intergranular fractures and penetrative cataclastic texture. The clay
fault gouge exhibits highly fractured quartzofeldspathic damage zone clasts showing
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Figure 2.9. Photomicrographs of thin
sections of principal slip zones in plane
polarized light (A, B) and split view
plane and cross-polarized light (C). A)
Indurated cataclastic fault gouge from
the upper principal slip zone with zones
of cementation (cm) and chloritization
(Cl). Angular quartzofeldspathic (QF)
clasts in Fe-oxide rich matrix exhibit
intragranular fractures. B) Fault gouge
from lower principal slip zone.
Fractured quartzofeldspathic (QF)
grains in scaly Fe-oxide and clay-rich
matrix exhibit mosaic fracture textures.
Blue lines are fractures infilled with
epoxy.
C)
Penetrative
Fe-rich
ultracataclasite from lower principal slip
zone with biotite (bt) veins and smear.
Split polarized view with plane
polarized on the left and cross polarized
on the right.
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mosaic fracture textures in a scaly Fe-oxide and clay-rich matrix (Fig. 2.9B). The Fe-oxide
rich ultracataclasite with exhibits biotite veins and smear (Fig. 2.9C).
2.4.3 Mineralogy
We analyzed 34 total XRD samples from borehole ALT-B2, 6 from Mendenhall
gneiss protolith samples, 22 from the damage zone, and 6 from the principal slip zones
(Table 2.1; Appendix F). Basic gneissic protolith mineralogy consists of quartz, feldspar
(primarily albite and anorthite), amphibole, muscovite, biotite, and phlogopite. Due to lack
of unaltered granodiorite protolith samples in ALT-B2, we do not report mineralogy for
granodiorite protolith but rely on the work of Anderson (1983) and Barth et al. (1995) for
primary mineralogy analyses. Common alteration minerals in the damage zone and
principal slip zone include calcite, clays (nontronite, glauconite), metal oxides (Fe and Mg,
with traces of Zn, Sr, Mn), epidote chlorite, actinolite, and multiple varieties of zeolites,
including laumontite and analcime (Table 2.1).
2.4.4 Whole-rock Geochemistry
We present whole-rock geochemical analyses results for 41 core samples and 9
field samples that used traditional XRF and ICP-MS analyses of major, minor, trace, and
rare-earth elements. In order to describe the geochemical patterns, we use six rock-type
categories defined by our mesoscopic and microscopic observations of Mendenhall Gneiss
protolith (separated into amphibolite protolith and quartzofeldspathic protolith
distinctions), Josephine Granodiorite protolith, gneissic damage zone north of the SGF
from 120-313 mmd, granodiorite damage zone south of the SGF from 325-465.5 mmd, and
principal slip zones. We compare differences and similarities of geochemistry between the
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Table 2.1. XRD mineralogy of samples showing major, minor, and present minerals.
Sample locations are plotted in Fig. 2.3 and sample details are in Appendix F. Red
text highlights alteration mineral assemblages.
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damaged and altered rock with corresponding protolith. Whole-rock major elements are
reported in percent oxide and trace and rare-earth elements are in parts per million.
The granodiorite protolith shows relatively low Fe, Mg, and Ca values, and high K
content (Fig. 2.10A), likely reflecting the presence of K-feldspars. The amphibolite
protolith is rich in Fe, Ti, and P. The granodiorite and quartzofeldspathic protoliths have
the highest Si content and the amphibolite and damage zones have the lowest Si content.
Fe, Ca, Mg, and P values are highly variant across the rock-types. The altered and damaged
rock exhibit 2-5% higher loss on ignition (LOI) values than protolith. The LOI value is a
proxy for the amount of fluids and other volatiles in deformed rocks and is therefore a
method of assessing the fluid-rock interaction in the fault zone (Evans and Chester, 1995).
The damage zones show relatively high Ca values, with the granodiorite damage zone
showing 5% higher Ca values than the granodiorite protolith and the gneissic damage zone
showing <2% higher values of Ca than the amphibolite and quartzofeldspathic protoliths
(Fig. 2.10A). Trace element data track relatively similarly for the different rock types (Fig.
2.10B), with higher Th, U, and Cs values in damaged and altered rocks than in protolith.
The gneissic damage zone exhibits higher Cr values, and the amphibolite and granodiorite
protoliths and granodiorite damage zone exhibit lower Cr values (Fig. 2.10B).
We use a bootstrap analysis of the data to calculate confidence intervals and
uncertainty ellipses for major elements in each rock type (Williams et al, in press;
Studnicky, 2021; Smith, 2021; Appendix G) in order to quantify and compare the wholerock data. Bivariate plots of the weight percent of major elements as a function of silica
content (Fig. 2.11) and the results of the bootstrap analyses show that the most notable
signatures are LOI values that are consistently higher in damaged zone and principal slip

46

Figure 2.10 Whole-rock geochemistry of major and trace elements. A) Average major
element compositions of rock types, with calculated standard deviation. LOI values are
2-5% higher in damaged and altered rock than protolith. The granodiorite damage zone
shows 5% higher Ca values than protolith and the gneissic damage zone shows <2%
higher Ca values. B) Average trace element compositions of rock types, in parts per
million (ppm). Granodiorite protolith is plotted as points due to limited data. Data are
plotted on a logarithmic scale. Th, U, and Cs values are higher in damaged and altered
rocks than in protolith.
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zone rocks than in unaltered protolith (Fig. 20.11F), and SiO2 and K2O values that are
relatively depleted in damaged rock (Fig. 2.11). The CaO, Fe2O3, MgO, MnO, and LOI
values are consistently higher in the granodiorite damage zone compared to the
granodiorite protolith (Fig. 11.9A, B, D, E, F). The CaO, MgO, and LOI values are
consistently enriched and Fe2O3 is generally enriched with some outliers in the gneissic
damage zone when compared with the amphibolite and quartzofeldspathic protolith. The
volatile component of the damage zone rocks are 2-5x higher than in the protolith, likely
indicating that fluid-rock interactions occurred in the damage zone.
Enrichment-depletion values, defined as

𝐴𝐴𝐴𝐴𝐴𝐴 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
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− 1, of trace

element values (Fig. 2.12) show consistent enrichment in Cr, Cs, and Th in altered and

damaged rock compared relative to protolith and combinations of protolith values.
Enrichment of Th is recorded in the principal slip zone and the gneissic damage zone. The
principal slip zone exhibits enrichment of Cr, Sr, Nb, Sn, Th, and U, and enrichment values
>8 of Cs compared relative to protolith (Fig. 2.12A). The gneissic damage zone shows
enrichment of V and Cs and enrichment values >1 of Cr and Th (Fig. 2.12B). The
granodiorite damage zone shows depletion of Rb when compared relative to granodiorite
protolith (Fig. 2.12C).
2.4.5 XRF Maps
We generated 52 XRF elemental maps from scanned portions of 22 thin section
samples from the damage and principal slip zones sampled by the drill core (Chapter 3;
Appendix E). Damage zone samples also reveal some protolith textures. We imaged 20 of
those maps in person and 32 were collected remotely with Dr. Sharon Bone at the Stanford
Synchrotron Radiation Lightsource (SSRL) due to COVID-19 restrictions. We focused on
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Figure 2.11. Whole-rock major element scatter and 90% confidence uncertainty ellipse
plots from bootstrap analyses. Major oxides are plotted against SiO2. Gneissic protolith
is represented by amphibolite and quartzofeldspathic rocks (blues) and is compared to
gneissic damage zone values (orange). Granodiorite protolith (purple) compares with
granodiorite damage zone values (red). Fault damaged rocks have consistently higher
values of LOI, Mn, and Ca than protolith and generally have lower Si and K values.
A) CaO, B) Fe2O3, C) K2O, D) MgO, E) MnO, F) loss on ignition (LOI).
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Figure
2.12.
Enrichmentdepletion diagrams of damage
zones and principal slip zone
trace element values measured
relative to different protolith
values. A) Principal slip zone
values measured relative to
protolith and combinations of
protolith values show significant
enrichment of Cr, Cs, Th, and U.
B) The gneissic damage zone is
enriched in Cr, Cs, and Th. C) The
granodiorite damage zone shows
enrichment of Cr, Zr, and Hf.
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mapping elements between Na and Zn (P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn),
with particular emphasis on the transition metal elements Ti, V, Cr, Mn, Fe, Ni, and Zn
and cations Ca and K that help track composition of protolith (Fig. 2.13) and to examine
records of mineralization and alteration in most of the major elements. Initial rapid scans
of large areas at low resolutions allowed us to target key areas of interest for higher
resolution scans. Details of the methods and analyses are provided in Chapter 3.
The XRF maps display individual elemental maps for each specified data channel,
showing spatial variations in elemental concentration and location. Low to high
concentration values in counts/second (cps) are specific to individual element maps and
shouldn’t be directly compared to other maps. For example, maps of K and Fe may both
visually contain high concentrations of their elements, but the high concentration value of
K is generally within the tens to hundreds cps scale while the high concentration value of
Fe is at least one or two magnitudes greater. The RGB tricolor maps are used to plot
concentrations of up to three elements on the same map and display their relationship
spatially. Tricolor maps do not compare absolute abundance differences of the elements.
A consistent signal within the fault-related rocks is that all of the samples exhibit
very high concentrations of Fe in the damaged and altered rock, with Fe concentrated, in
conjunction with concentrations of Mn, Ni, Cr, V, and sometimes Ti, As, and Zn, in breccia
matrices (Fig. 2.13), slip surfaces (Fig. 2.14), fractures, injections into host rock and
existing fabrics (Fig. 2.14), and foliated cataclasites (Fig. 2.15). Tricolor plots show that
elements can be spatially segregated or mixed (Fig. 2.13F, G; Fig. 2.14G; Fig. 2.15G).
Breccia samples show matrices with high Fe, Mn, Ni, and Ti, and moderate As, Cr, and Zn
concentrations around quartzofeldspathic grains (Fig. 2.13). High concentrations of Ti
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flecks are constrained within the matrix (Fig. 2.13C) or do not follow alteration textures
(Fig 2.15F). Concentrations of K values in breccia are largely constrained to protolith clasts
and grains within the breccia (Fig. 2.13E) and is low in deformed rocks. Ca in breccia
manifests as highly concentrated veins and grains and shows slight concentrations of Ca in
the matrix and host rock (Fig. 2.13F). RGB maps of K and Ca show segregation of the
elements with little to no mixing (Fig. 2.13F). Fe tends to correlate with Cr, Mn, Ni, and
sometimes Ti, and slight to no correlation between the location of Fe with Ca and K (Fig.
2.13G: Fig. 2.16).
Very thin to mm-thick slip surfaces exhibit concentrated Fe, Mn, Ni, V, and Cr,
with generally low concentrations of K and slight concentrations of Ca (Fig. 2.14E).
Correlation plots of slip surfaces show mostly linear or bilinear relationships of Fe with
Mn, Ni, Cr, V, and sometimes Ti and Zn, and little to no correlation of Fe with Ca and K
(Appendix E). Sites interpreted as cataclastic injection exhibit concentrated Fe, Mn, Cr, Ti,
V, and slight Cl (Fig. 2.14B, C, E), and elemental mixing of Fe and Mn with K in injection
material (Fig. 2.14G). Damaged rock show high concentrations of Ti flecks (Fig. 2.15F)
that sometimes align with alteration fabrics (Fig. 2.14E), and correlation plots of Ti with
Ca in samples exhibit either linear or no relationship. Correlations of Ti and Ca are
interpreted to signify the presence of titanite grains (Fig. 2.14F). Foliated cataclasites show
alternating bands of segregated elements, with some elemental mixing (Fig. 2.15G), and
streaks of higher elemental concentrations (Fig. 2.15B, D, E). High concentrations of Ca
alteration are largely constrained to veins and grains and are generally not diffusive into
shear fabric (Fig 2.15C, G). Calcite in slip surfaces and in host rock, which appear to be in
discrete planar zones, manifest in brecciated and fractured rock (Fig 2.13F; Fig. 2.14E).

52

Figure 2.13. XRF elemental maps of breccia at a source energy of 7200eV, spot size
and dwell time of 2 µm 25 ms. A) Thin section photomicrograph of damaged Josephine
Granodiorite (SGF 80.1, 361 mmd) in plane polarized light showing XRF map scanning
area. B-D) XRF elemental maps with low-high concentration in counts/sec. B) High
concentration of Mn in breccia matrix. C) Concentration of Ti in breccia matrix, with
flecks of very highly concentrated Ti constrained within the matrix. D) Concentration
of Ni in breccia matrix. E- G) RGB tricololr maps of Fe, K, and Ca. E) Isolated K map.
F) Map showing relationship of K and Ca. K and Ca are segregated, with no mixing. G)
Fe, K, and Ca are largely segregated, with some mixing of Fe with Ca in the breccia
matrix.
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Figure 2.14. XRF elemental maps of a very narrow slip surface with injection material
in host rock, indicated by arrow. Source energy of 7200eV and spot dwell time and
resolution of 25 ms and 2 µm. A) Thin section photomicrograph from damaged
Mendenhall Gneiss sample (SGF39.2, 177.5 mmd) in plane polarized light showing
XRF map scanning area. B-F) XRF elemental maps with low-high concentration in
counts/sec. B) Very high concentrations of Fe in thin slip surface and injected into host
rock. C) High concentrations of Mn in thin slip surface and injected into host rock,
showing sharp contact between slip surface and host rock. Note the laminated nature
of the material in the slip surface. D) Concentrations of K are located primarily in
injection sites, with concentrated grains in host rock. E) Ca is concentrated in grains,
host rock, and slip surface. F) Ti is concentrated in slip surface, with flecks of highly
concentrated Ti in the injection sites. G) RGB map of Fe, K, and Ca. High Fe
concentration in slip surface and injection sites, with slight mixing of Fe and Ca in the
slip surface and mixing of Fe and K in injection textures. The injection site below the
sharp slip surface exhibits wavy and undulating contact between the host rock and the
injection material, and surrounds small clasts of host rock.
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Figure 2.15. XRF elemental maps of a foliated cataclasite from the Mendenhall Gneiss
damage zone, source energy of 8000eV and spot dwell time and resolution of 25 ms and
25 µm. A) Thin section photomicrograph (SGF 54.2, 244 mmd) in plane polarized light
showing XRF map scanning area. B-F) XRF elemental maps with low-high concentration
in counts/sec. B) Dark aphanitic material exhibits very high concentration of Fe in shear
and pervading into the breccia zone in veins and grains. The sheared material shows
streaks of higher and lower Fe concentrations. C) Grains and veins of concentrated Ca in
the shear and breccia zones. Ca is oriented in shear zone with the shear fabric and
randomly oriented in the breccia. D) K is heavily concentrated in grains in the breccia
zone, with streaks and grains of concentrated K in the shear zone. E) Mn concentration
largely correlates with Fe concentration, with less pervasiveness in the breccia zone. The
sheared material exhibits streaks of Mn concentrations. F) Ti exhibits as highly
concentrated flecks in both the shear and breccia zones. G) RGB tricolor map of Fe, K,
and Ca. The breccia zone is composed of K, with some Ca that lies in small veins, and a
mixing of Fe with K and Ca. The shear zone streaks segregated Fe and K, with slight
mixing. A lozenge of Ca alteration separates the breccia and shear zones.
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Figure 2.16. Correlation plots of breccia from XRF maps in Fig. 2.13 (SGF 54.2, 244
mmd). Little to no correlation between Fe and K (A) and Ca (B) This signal is consistent
throughout the fault damaged rocks in the SGF. Correlations, mostly linear and bilinear,
between Fe and Mn (C) and Ni (E) are observed in damaged and altered rock throughout
the SGF zone. (D) Little to no correlation between Ti and Fe. (F) Mostly bilinear
correlation between Ca and Ti, which suggests the presence of titanite grains.
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2.5 Discussion
The data generated from the CHSRA ALT-B2 borehole across the North Branch of
the San Gabriel Fault enable us to examine the mesoscopic structure of the fault, the nature
of fault-related alteration assemblages, the evidence for hydrothermal fluid-rock
interaction recorded in the fault-related rocks, and evidence for seismic and aseismic
deformation textures and cross-cutting relationships within the shallow SGF. We
summarize and integrate key observations to provide a wholistic overview of the shallow
SGF (Table 2.2). We compare our observations from the borehole with some observations
of the SGF made at the surface (Anderson et al. 1983, Chester et al. 1993, Evans and
Chester 1995; Caine, written comm., 2020-2021).
2.5.1 San Gabriel Fault Zone Structure
The surface expression of San Gabriel Fault zone rocks is discussed extensively in
Anderson et al. (1983), Chester et al. (1993), and Evans and Chester (1995). The sites
studied in Chester et al. (1993) and Evans and Chester (1995) are exhumed from depths of
at least 3.5 km and those in Anderson et al. (1983) are exhumed from depths of ~2 km
(Blythe et al., 2002). Borehole ALT-B2 samples 493 m of fault-related rocks that formed
at depths of ~2-2.5 km (Blythe et al., 2002) in the San Gabriel Fault zone. Core recovery
rate was high (94.95%), and samples exhibit moderate to high levels of induration. Such
well-indurated fault-related rock formed at shallow depths is inconsistent with some
current fault structure models that suggest that much of the upper ~2-3 km of faults would
consist as unconsolidated and/or clay fault gouge (Scholz, 2019).
The data from the ALT-B2 borehole documents the presence of two principal slip
zones, with the 6.5 m thick upper principal slip zone (Figure 2.3) at 313-325 m measured

Table 2.2. Summary of the San Gabriel fault.

Lithology Fracture

RMR
0

Horizontal
Distance from
Main SGF
Trace (m)

Alteration
Minerals

Geochemistry Synchrotron XRF Map Trends

Texture and Structure

Dominant Deformation
Mechanisms

50 100

See Chapter 3 for details
150
Higher Ti, P,
K, Si
Low Cs, U,
Cr, Th

Mendenhall Gneiss

100

Zeolite

Clay, ± calcite,
Fe-oxide

50

0

Josephine Granodiorite

PSZ

50

PSZ

50 100

100

Concentrations of Fe, Mn, Ti, V
in slip surface and injection
feature

Calcite, ± clay, High LOI, Cr, Concentrations of Fe, Mn, Ni, ±K,
± zeolite
Th, U, Cs, Ti ±As, Cr, and ±Ti in thin slip
surface, breccia matrix, and
foliated cataclasite
± Phlogopite

Brittle--fracture, veins, faults

Breccia, veins, fractures, slip
surfaces

Brittle--fracture, breccia

Breccia, veins, slip surfaces,
injection textures, fractures

Brittle--fracture, faults, injection
vein

Breccia, fractures, foliated and Brittle--fracture, cataclasis
penetrative cataclasite, twinned Ductile--twinning, plastic
calcite
shearing
Protocataclasite, fractures

Brittle--fracture

Clay, ±calcite, High LOI, Ca Foliated cataclasite with altering Foliated and folded cataclasite,
±zeolite,
layers of concentrated Ca and Fe. twinned calcite, cementation
±epidote,
±chlorite

Ductile--folding, twinning,
plastic shearing
Brittle--cataclasis, fracture

Calcite, clay

High LOI, Cs, Cataclasite with concentration of Cataclasite, cementation,
Cr, Th, U
Fe, Ca in veins. K concentrated to fractures, twinned calcite
deformed grains.

Brittle--cataclasis, fracture
Ductile--twinning

Laumontite,
calcite

High LOI, Ca, Concentrations of Fe, Mn, Ni, As, Breccia, cross-cutting veins,
Cr
Cr, and Ti disseminated in breccia fractures, twinned calcite
matrix. K and Fe are largely
segregated.

Brittle--fracture, veins
Ductile--twinning

Calcite, zeolite High LOI, Ca, Breccia matrix concentrated in Fe, Breccia, large veins (up to 1.5
Cr
Cr, Mn, with some grains with V cm wide), cross-cutting
and Ti concentrations.
relationships, twinned calcite

Brittle--fracture, veins, faults
Ductile--twinning

Clay, calcite, High LOI, Ca, Foliated cataclasite with Fe
zeolite, chlorite Cr
concentrated in slip surfaces and
injection features. Ca concentrated
in veins.

Brittle--cataclasis, fracture,
veins, injection veins, faults
Ductile--twinning, plastic
shearing

Clay,
laumontite,
zeolite
0

High Ti, P

Quartz veins

Foliated cataclasite, injection
features, veins, twinned calcite,
cross-cutting relationships
between veins and fabric

High LOI, Cs, Concentrations of Fe in clay
Ultracataclasite, clay gouge,
Th, U
matrix, layering of ultracataclasite fractures, reworked
with segregated concentrations of quartzofeldspathic clasts
K and Mn.

Brittle--cataclasis, fracture, clay
gouge formation
Ductile--twinning
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depth, and an 11 m thick lower principal slip zone at 456.5-476.5 m measured depth. The
main trace of the SGF crosses through the borehole at the upper principal slip zone,
consistent with fault geometry, the inclination of both the borehole and the SGF, and the
juxtaposition of the host rock Mendenhall Gneiss and Josephine Granodiorite observed in
field samples and recorded in the borehole (Figure 2.4; Guptill, electronic comm., 2017;
Anderson et al., 1983; Caine, written communications, 2020-2021; d’Alessio. 2004). The
cataclasite samples we examine in the 6.5 m thick upper principal slip zone match
descriptions of the surface expression of the SGF, which describes the principal slip zone
(termed the “fault core” in Chester et al. (1993) and Evans and Chester (1995)) of the SGF
as m-thick cataclasite and cm- to m-thick ultracataclasite (where present) (Anderson et al.
1983, Chester et al. 1993, Evans and Chester 1995).
We propose that the lower principal slip zone is a branch of the SGF that may have
at some point accommodated the majority of transform slip during the SGF’s most active
period 12 to 5 million years ago. The 11 m thick lower principal slip zone exhibits indurated
clay fault gouge and ultracataclasite, suggesting fault maturity needed in the formation of
these ultrafine-grained fault-related rocks. The penetrative ultracataclasite we document is
visually similar to those described in the SGF by Chester et al. (1993) and Evans and
Chester (1995). The lower principal slip zone may be a subsidiary or branching fault of the
SGF, and geologic maps show the possibility of the presence of multiple fault traces in the
area (Dibblee and Ehrenspeck, 1991; Yerkes et al., 2005; Campbell et al., 2014). Field
work and geochemical analysis beyond the scope of this project may be needed to further
document the surface trace of the lower principal slip zone and its chemical similarities
with previous studies of the SGF.
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The total width of the fault zone recorded by borehole ALT-B2 is nearly 200 m,
with ~100 m on the north side of the SGF, ~70 m between the two principal slip zones, and
an unknown amount below the extent of the borehole. The borehole does not sample far
beyond the lower principal slip zones and it is very likely that another ~100 m of damage
is present there. The lower principal slip zone is more deformed than the upper principal
slip zone and it could be embedded within a damage zone that exceeds 100 m in width.
These damage zone thicknesses are consistent with observations made at the surface
(Chester et al., 1993).
Fault-related rocks record damage zones of highly deformed rock surrounding
faults, with two highly fractured zones above and below the SGF. A notable difference
between the borehole samples and observations from surface samples is the ~40 m thick
zone of ductile deformation with lozenges of relatively undeformed protocataclasite
observed in the drill core of the gneissic damage zone directly north of the principal slip
zone (Fig. 2.3; Fig. 2.5D, H; Fig. 2.6A, B; Fig 2.13). Fault damaged rock north of the lower
principal slip zone in the granodiorite also exhibit plastic shearing (Fig. 2.5F; Fig. 2.5D).
The drill core in these zones show lower fracture intensity, higher RMR values (Fig. 2.3),
and exhibit fine-grained, clay-rich foliated sheared rock with few fractures and veins
largely only visible at the microscale. The presence of these fine-grained zone of ductiledominated deformation may be the result of asymmetric seismic energy propagation in the
fault zone that may be exacerbated in the case of the upper principal slip zone in part due
to differences in protolith on either side of the fault (Ben-Zion and Huang, 2002; Mitchell
et al., 2011). Damaged and altered rocks within these lower fracture intensity zones can
show multiple generations of folds and re-folds of cataclasites, implying the
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accommodation of ductile deformation over the course of a significant period of time (Fig.
2.6B).
The presence of two discrete and highly developed principal slip zones in the SGF
in the drill hole is not unique, and may be expected from the geologic mapping in this area
(Dibblee and Ehrenspeck, 1991; Yerkes et al., 2005; Campbell et al., 2014). Schulz and
Evans (1998; 2000) documented the presence of two principal slip zones along the
Punchbowl Fault, which postdated the SGF and predated the San Andreas Fault. They
suggested that damage zones between two branches or faults result in greater deformation
than in single strand faults, due to overlapping damage zones. This is consistent with
observations made in the damage zone between the two principal slip zones here, which
documents more brittle deformation, in the number and size of veins and fractures, and less
induration than the highly fractured and plastically sheared sections of Mendenhall Gneiss
damage zone north of the main trace of the SGF. Fractures and veins in the Josephine
Granodiorite damage zone south of the SGF are easily visible at the mesoscopic scale, with
some measuring up to 1.5 cm wide and >20 cm long, suggesting variances in fluid-rock
interaction throughout the SGF. However, the different patterns of deformation recorded
by the ALT-B2 drill core may also be a result of various other factors, including increasing
depth and different host rock lithology.
2.5.2 Alteration Assemblages and Formation of Clay Minerals
Alteration assemblages of minerals in the damage zone and principal slip zone
suggest significant degrees of hydrothermal alteration occurred within the SGF. We
observed analcime, laumontite, and other zeolites in 12 samples that span throughout the
length of the borehole (Table 2.1). Analcime and laumontite are low-grade hydrous zeolites
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that typically form due to hydrothermal activity in the alteration of feldspar minerals
(Utada, 2001). Phyllosilicates, primarily chlorite, and epidote form due to hydrothermal
alteration of faulted quartzofeldspathic rock (Bruhn et al., 1994). We document
phyllosilicate mineral assemblages in samples primarily from the principal slip zones and
in plastically deformed fault-related rock. The presence of these alteration assemblages
indicate that these minerals formed at temperatures above the ambient temperature values
expected at depths of 2-2.5 km (Anderson et al., 1983), although the reason for the elevated
fluid temperature is not entirely clear.
Faults can act as barriers and/or conduits to fluid flow (Logan and Chester, 1986;
Caine et al., 1996). The hydrothermal alteration we observe in the SGF may be the result
of the SGF zone acting as a conduit to bring deeper hydrothermal fluids to the surface. The
hydrothermal mineralization may also be the result of rapid coseismic heating as the SGF
slipped, radiating energy into the damage zone (Sibson, 1987; Jacobs et al., 2006). We
suggest the alteration may be the result of a combination of both mechanisms, with the
widespread mineralization and alteration observed in the damaged rocks attributed to
hydrothermal influence from deeper crustal fluids and the rapid flow of fluids associated
with bursts of coseismic energy resulting in the mineralization of sharp concentrated slip
surfaces, injection sites, and cataclasite observed in the fault damaged rock.
The formation of clay and phyllosilicate minerals in fault zones is common (Chester
et al., 1993; Warr and Cox, 2001). We document enrichment of Mg in the gneissic damage
zone that formed the Mg-rich phyllosilicates in the sheared gneissic rock. This is in
conjunction with the formation of other hydrous clays and phyllosilicates, including
nontronite (an Fe-rich smectite), chlorite-serpentine, and glauconite in the damage zone
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and principal slip zones. The clay and phyllosilicate minerals are mostly constrained to the
principal slip zones and the zones of plastic shear directly north of the principal slip zones
(Figures 2.4D, F, H; 2.6A-B; Table 2.1). The mineral assemblages we observe in the drill
core show a trend of weakening in the fault damaged rock. We submit the combination of
fluids with these mechanically weak, fine-grained clay-rich assemblages influenced the
mechanical deformation of these rocks, resulting in both the preferential slip of the SGF in
the principal slip zone and the plastic deformation of sheared rock off-fault in the damage
zone.
2.5.2 Fluid-rock Interactions
Previous studies of the SGF show variations in fluid-rock interactions within the
fault zone, with Anderson et al. (1983) indicating modest fluid-rock interaction and Chester
et al. (1993) and Evans and Chester (1995) showing differing degrees of fluid-rock
interaction intensities along sections of the SGF. Our work implies high levels of fluidrock interactions recorded in the core from borehole ALT-B2 that is evidenced at the mesoto microscopic scale. Loss on ignition (LOI) values report the release of volatile material,
usually fluids and carbonates, in rocks. The LOI values in the damage zone and principal
slip zone are 2-5% higher than in protolith values, implying increased fluid presence
recorded within the fault-related rock. The enrichment of Ca, Mg, Fe, Mn in veins and in
intragranular fractures, and the general depletion of Si and K, indicate fluid-assisted
processes in the precipitation of elements into the system, the removal of the mobile
elements from host-rock feldspars and quartz (Goddard and Evans, 1995; Schleicher et al.,
2009; Duan et al., 2016), and the passive concentration of the relatively immobile Fe and
other transition metals in pressure solutions. The enrichment and concentration of Fe and
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other transition metals may also be attributed to mineralization during the earthquake
cycles (Evans and Chester, 1995).
Fluid-rock interactions are recorded in both brittlely deformed and plastically
deformed fault-related rocks. Cementation and fluid mineralization within the fractured
and brecciated rock suggest that the SGF experienced post-seismic healing, evidenced by
the influx of Fe-rich mineralization observed in breccia matrix (Fig. 2.11) and calcite veins.
This is consistent with observations made at other locations of the SGF (Chester et al.,
1993). Sharp Fe-rich slip surfaces and injection sites into brecciated host rock (Fig. 2.12)
suggest that some fluid-rock interactions occurred coseismically. Long term dissolution of
mobile elements in the plastically sheared zone, in conjunction with fluid-induced
mineralization, resulted in concentrated Fe and mineralized clay and phyllosilicate
minerals in sheared material (Fig. 2.13). Due to the widespread evidence for fluid-rock
interactions, we suggest that fluid-assisted processes contribute to both ductile and brittle
mechanical fault processes throughout the earthquake cycle of the shallow SGF.
Calcium throughout the damage zone and principal slip zones is usually constrained
to be either calcite or Ca-bearing zeolites in highly concentrated and elementally
segregated veins and grains, with little to no elemental mixing in slip surfaces, breccia
matrices, and shear fabrics. This suggests that the precipitation of Ca differs mechanically
and concomitantly from the concentration and mineralization of other elements in the
system. The variance (i.e., the number and size of veins) in the expression of veins between
the upper and lower damage zones implies differences in fluid flow within the damage
zones. Cross-cutting relationships of veins and fractures indicate that the SGF experienced
altering cycles of seismic energy followed by post-seismic healing.
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The mineralogy, geochemistry, and textures of the fault-related rocks observed here
suggest processes that occurred at temperatures as high as 250°C (Utada, 2001; Ferrill et
al., 2004). This supports the interpretation that hydrothermal processes above the ambient
geotherm (cf. Anderson et al., 1983) occurred at relatively shallow levels (see also
Studnicky, 2021). Our work suggests that the induration of the shallow SGF is influenced
in part by fluid mineralization in veins and breccia matrices that healed the fault during and
after earthquake rupture.
2.2.4 Upper Seismic-Aseismic Transition Zone
We motivated this study in the context of the lack of seismicity that is sourced in
the upper 2-4 km of faults in southern California and elsewhere (Hauksson and Meier,
2019) and the possibly related slip deficits that might result (Simmons et al., 2002; Fialko
et al., 2005; Kaneko and Fialko, 2011; Roten et. al., 2017; Nevitt et al., 2020). The faultrelated rocks of the SGF record evidence for the accommodation of seismic and aseismic
slip in the shallow crust. Crackle-mosaic breccia (Woodcock and Mort, 2008) and injection
structures observed in the damage zones are thought to be the result of rapid
depressurization and re-pressurization due to seismic energy (Rowe et al., 2005; Brodsky
et al., 2009). We interpret µm-thick, Fe-rich intragranular microfractures to be evidence
for coseismic deformation (Rowe and Griffith, 2015) as seismic energy shattered the grains
and local fluids infilled the microfractures. Local displacement is accommodated on small
subsidiary faults and mm-thick slip surfaces visible in hand sample, thin section, and XRF
map data from the damage zone. We suggest the majority of coseismic slip is localized to
the principal slip zones evidenced by the fine- and ultrafine-grained deformed rocks of
cataclasite, clay gouge, and ultracataclasite (Chester et al. 1993, Evans and Chester 1995).
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We further suggest that at least some coseismic slip is distributed into the fault damage
zone, evidenced by the presence of seismic indicators throughout the damage zone.
The compositional and textural characteristics of the damaged and altered faultrelated rock sampled by ALT-B2 suggest aseismic creep occurred along the SGF at times.
The presence of weak phyllosilicate and clay minerals (Warr and Cox, 2001; Schleicher et
al., 2012; Haines et al., 2009) in the plastically sheared zones immediately proximal to the
principal slip zones is consistent with aseismic creep accommodation but could also be
present during seismic slip. Clays have the ability to store fluids because of their hydrous
nature and the presence of pore fluid significantly reduces shear strength in clays (Warr
and Cox, 2001). The combination of high fluid presence in conjunction with clay minerals
recorded in the SGF indicates the probability of aseismic creep. The folded and layered
cataclasite textures observed in the clay-rich fault-related rock likely formed in the
systematic shearing and creeping of rock. The folded rock shows evidence for multiple
generations of folded cataclasite, indicating prolonged periods or repeated times of
aseismic creep needed to form these types of features. We interpret rootless and elongated
calcite lozenges in plastically sheared material as another indicator for the systematic
ductile shearing of fault-related rock. Twinning textures in calcite like those pervasively
recorded here in the SGF (Fig. 2.8) occur in low temperatures due to crystal-plastic
deformation mechanisms (Barber and Wenk, 1979; Rowe and Rutter, 1990; Ferrill et al.,
2004).
Seismic and aseismic indicators are recorded locally within the same samples and
show evidence for complex overprinting of brittle and ductile deformation fabrics.
Twinned calcite is cut by brittle fractures and displaced by discrete slip surfaces (Fig. 2.6C;
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Fig. 2.8). The presence of folded cataclasites juxtaposed against fault breccia (Fig. 2.6B)
indicates a complex history that includes the formation of cataclasite, the reworking and
folding of the cataclasite, the formation of the breccia, and the truncation of the folded
cataclasite and breccia by a thin slip surface. The pervasiveness and cross-cutting nature of
seismic and aseismic alteration and deformation textures recorded throughout the sampled
SGF reveals a complex interplay and overprinting of both mechanisms throughout the
earthquake cycle during the formation of these fault-related rocks at depths of ~2-2.5 km
(Fig. 2.7B-D; Fig. 2.8; See also Fig. 3.6 and 3.7). We infer that both seismic and aseismic
mechanisms are integral in shallow fault processes and must therefore be accounted for in
fault and earthquake models. This is supported by work done on fault-related rocks that
formed at 2-3 km depth in the San Andreas Fault (Studnicky et al., 2021), the San Gabriel
Fault (Anderson et al., 1983) and other location that recorded similar results (e.g., Gratier
et al., 2001; Marone and Saffer, 2007; Boulton et al., 2017; Mitchell and Faulkner, 2009;
Faulkner and Rutter, 2003).

2.6 Conclusions
Drill core drilled through the North Branch of the San Gabriel Fault records the
products of faulting at depths of ~2-2.5 km, likely within the upper seismic-aseismic
transition in the fault zone. Mesoscopic observations, geochemical and microstructural
data, and micro-XRF mapping data show that fluids were persistent in both brittle and
ductile deformation processes in the fault-damaged rock, and the expression of the fluidrock interactions are different above and below the SGF. This implies that fluid-rock
processes vary spatially in the fault zone and occurred throughout the earthquake cycle.
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The combination of fluid presence in conjunction with the clay and phyllosilicate mineral
assemblages we observe primarily in the plastically sheared and folded rock within the
damage zone indicate that weak hydrous minerals influence aseismic slip accommodation
in SGF. The majority of slip on the SGF was accommodated in the principal slip zones, as
evidenced by mature fault-related rocks such as cataclasite and ultracataclasite. Some
brittle, and likely coseismic, slip was accommodated in the damage zone, as evidenced by
the presence of fractures, veins, discrete slip surfaces, and injection textures. The evidence
for hydrothermal fluid-rock interaction in this and other studies in the shallow fault regime
(e.g., Studnicky et al., 2021; Gratier et al., 2001; Marone and Saffer, 2007) imply that fluids
influence the induration, healing, and mineral assemblages of shallow faults and their
subsequent slip behavior at fluid temperatures greater than the ambient temperatures.
Characterizing the behavior and structure of shallow faults is needed to adequately
model earthquake hazards and seismic energy dissipation (Kaneko and Fialko, 2011; Roten
et al., 2017). Our data records pervasive and cross-cutting brittle and ductile deformation
textures, indicating influence from both seismic and aseismic deformation mechanisms
within the deformed and altered shallow SGF. We emphasize the need to consider both
mechanisms when modeling fault and earthquake behavior. Observations and data
quantification made here on the SGF may serve as an analog to help decipher the nearby
active San Andreas fault and similar faults throughout the world. In addition, our results
demonstrate the usefulness of XRF elemental mapping techniques in characterizing on the
microscale the nature of fluid-rock interactions within the shallow fault regime.
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CHAPTER III
SYNCHROTRON XRF ELEMENTAL MAPPING OF DRILL CORE
SAMPLES THROUGH THE SAN GABRIEL FAULT, CA

ABSTRACT 1
Key to deciphering shallow fault properties and processes is the characterization of
microscale deformation and alteration textures and compositions that influence the
behavior and evolution of earthquakes and fault displacement at the microscale.
Synchrotron X-ray fluorescence (XRF) mapping is a novel technique in shallow fault
studies which allows us to examine the spatial distribution of elements to reveal fluid-rock
interactions at the grain scale and how these elemental signatures are related to the different
rock types and fabrics in the deformed rocks. We utilize XRF mapping and analysis
techniques to investigate deformed, altered, and mineralized fault-related rocks that formed
at depths of ~2-2.5 km in the shallow San Gabriel Fault, California.
We use XRF mapping at the Stanford Synchrotron Radiation Lightsource (SSRL)
to document distributions of Fe in conjunction with concentrations of Mn, Ni, Cr, V, Ti,
As, and Zn, and search for evidence for fluid-rock interactions within slip surfaces, breccia
matrices, fractures, veins, foliated cataclasite, and injection textures in the fault-related
rocks. These elements are highly concentrated in and near fault slip surfaces and in
fractures of the fault damage zone. Cross-cutting relationships and elemental segregation
visible in XRF maps suggest the shallow SGF underwent multiple cycles of coseismic slip
and post-seismic healing and creep. These data reveal variations in the nature, expression,
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and degree of fluid-rock interactions at the microscale and the segregation and mixing of
elements within deformation fabrics. Observations and methodology used here on the SGF
may serve as an analog to help decipher the nearby active San Andreas Fault and similar
faults throughout the world.

3.1 Introduction
Characterizing deformation and alteration in deformed rocks on the microscale is
key to deciphering mm- to microscale fault properties and processes throughout fault
zones. Deformation and alteration influence the behavior and evolution of earthquakes and
fault displacement at the microscale, and the geochemical, mineralogical, and
microstructural quantification of deformed rocks from semi-brittle to brittle fault zones
(Mitra et al., 1984; Evans and Chester, 1995; Boulton et al., 2017) is fundamental to
determine the composition and distribution of altered rock properties and more accurately
constrain rock properties in fault and earthquake models. Variations in major-, minor-, and
in many cases, trace-element distribution and concentrations at the microscale provide
valuable insights into the nature and degree of fluid-rock interactions and hydrothermal
processes in faults, and determine the mineral composition and distribution that influence
the mechanical behavior and textures of these fault-related rocks. The application of new
techniques in fault-related rock analysis, such as synchrotron X-ray fluorescence (XRF)
elemental mapping, helps to paint a more comprehensive picture of fault and earthquake
behavior from the macro- to the microscale.
Synchrotron-based analyses have been used in mineralogy and petrology (Brown
et al, 1998; Kelly et al., 2008), high-pressure rock deformation (Renard et al., 2016)
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paleontology (Bergmann et al., 2012; Edwards et al, 2016) archeology (Smieska et al.,
2019) and art (Dik, 2008) for some time, but it has seen relatively little use in the low- to
moderate T-P deformation realm (Fusseis et al., 2014). In this chapter, we adapt the
techniques developed by these workers, along with new developments presented here and
in Edwards et al. (2018) to examine altered and deformed fault-related rocks from the San
Gabriel Fault (SGF), an ancient strand of the San Andreas Fault zone, southern California
(see Chapter 2 of this thesis). Synchrotron XRF mapping adds to classic methods of
analysis used in fault-related studies (Fig. 3.1), where thin section studies are utilized to
observe textural differences at the grain scale, X-ray diffraction (XRD) studies serve to
determine mineralogic changes, and whole-rock geochemical analyses (X-ray fluorescence
(XRF) or inductively coupled plasma mass spectrometry (ICP-MS)) to determine the
major-, minor- and trace-element abundances for ~ 2 gm powder sample sizes. Electron
microprobe analysis is used to determine the major-, minor- and some trace-element
concentrations and spatial distributions at high spatial resolution (mm scale). Studies
typically harness some combination of these and other methods to constrain the nature and
spatial distribution of geochemical processes in fault zones; however, sample preparation
for many of these analyses are destructive or disruptive to minute deformation textures,
and it can be difficult to image the relationships between mineralogic, geochemical, and
textural features, especially in fine-grained rocks. Synchrotron XRF mapping methods are
non-destructive, require little sample preparation, and do not need a vacuum, making it an
ideal method for the robust examination of rare, delicate, hydrous, small, and/or deformed
samples.
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Figure 3.1. Example of methods of analysis used in fault-related studies. Classic
methods include A) mesoscopic core sample analyses, B) XRD mineralogical
analyses, in addition to other geochemistry analyses, and C) microstructure thin
section analyses. D) Synchrotron XRF elemental mapping adds microscopic spatial
geochemical imaging of fine-grained fault zone material to classic methods of
analysis. Tricolor RGB map of Fe, Cr, and Ca.
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3.2 Synchrotron Radiation Lightsource
Synchrotrons are federally funded facilities that support a wide range of analyses
and the cost of analyses, lab time, and staff support is effectively free for users. The benefits
of using synchrotron radiation over benchtop XRF analysis systems include several
performance advantages such as higher beam brightness, spatial resolution, signal to noise
ratio, and scanning speed, and greater energy tunability and sensitivity to elemental
concentrations, especially for minor- and trace- elements (Edwards et al., 2018).
Additionally, recent developments in data acquisition control apps and image transfer
allow for remote users to collect data without traveling to the laboratory, and for beam
scientists to virtually monitor and adjust sample runs. Leading imaging software developed
by beam line scientists allow for the processing and quantification of XRF mapping data.
In synchrotron XRF mapping analyses, an incoming X-ray monochromatic beam excites
individual atoms to emit photons with specific elemental energies that are recorded by
detectors (Fig. 3.2). The synchrotron X-rays are extremely high energy (~1012 greater than
benchtop instruments) and tunable. The incoming X-ray excite K-shell electrons in
elements for which beam energy is less than incident energy and K-shell electrons are
subsequently emitted, leaving a hole that is filled by an L-shell (Ka) or an M-shell (Kb)
electron. This drop in energy level results in characteristic X-ray radiation fluorescence
emission that can be recorded by a detector. Since each element has a unique electron shell
configuration this fluorescent energy is unique to that element. As the X-Ray beam enters
the containment hutch (Fig. 3.2), a series of instruments act as controls to constrain beam
energy and influence beam stability, size, and alignment. Samples are mounted on a motion
stage set at a 45° angle to the incidence beam and diode detector to minimize scattering
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collected, with vertical steps at the end of each line. Recent changes to sample holder,

Figure 3.2. Photo of SSRL Beamline 10-2 setup in February 2020. A) As X-ray beam enters hutch, a mirror pitch feedback system
maintains beam stability. Slits, ion chambers, and filter box provide shutter control. Hexapod system maintains beam alignment.
Pinholes control beam spot size as the beam exits the pipe. A detector is set at a 90° angle to the beam pipe and 45° angle to sample
stage to reduce scattering. The sample stage moves horizontally as data is collected, with vertical steps at the end of each line. B) In
addition to horizontal and vertical movement, BL 2-3 sample mount has a rotational component to rotate through samples. C) BL 102 sample mount.
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(Edwards et al., 2018). The motion stage moves the samples horizontally as data is
collected, with vertical steps at the end of each line. Recent changes to sample holder,
hutch, beamline configurations, and data acquisition software enable us to study as many
as 9 standard thin sections or 6-10 larger rock samples in 24 hours. Up to 12 data channels
are recorded at a time and coarse rapid scanning of samples can be quickly performed to
identify target areas for higher resolution analysis.
Synchrotron XRF mapping is very sensitive to elemental concentrations, especially
for common minor- and trace elements. We focus on mapping elements between Na and
Zn, with particular emphasis on the transition metal elements Ti, V, Cr, Mn, Fe, Ni, and in
some cases Zn. These elements are among the most abundant minor- and trace elements in
the upper crust (White, 2020) and synchrotron facilities have well-established analytical
procedures set in place to analyze these elements. We can scan samples for multiple
elements simultaneously, without changing beam and detector setup.
Examinations of fault-related rocks using classic analyses (see Chapter 2) show slip
zones consisting of dark to optically opaque, thin (mm to cm thick), brown and black finegrained materials. These zones are typically enriched in Fe and Mg, likely as a result of the
alteration of Fe- and Mg-bearing minerals through fluid rock interactions (Evans and
Chester, 1995), but are difficult to resolve optically. The transition metals Ti through Ni
are broadly lithophile and siderophile, and analyses of these elements help determine the
origin and texture of these fine-grained, fault-related rocks. These elements can occur in a
range of oxidation states, and help constrain pH, temperature, and anion composition
(oxide vs sulfides), and determine the nature of fluid-rock, hydrothermal, and/or solution
processes in fault zones. Examinations of Fe-rich thin slip surfaces (Ault et al., 2015; Moser
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et al., 2017; Ault, 2020) are used to constrain the timing of slip, and Evans et al. (2014),
propose that Fe-reduction may be a signature of elevated temperatures due to fault slip.
The concentrations and distributions of these elements are commonly variable across
sheared rocks, with a significant range of concentrations (10-100x) over the concentrations
found in undeformed granitoid rocks. Thus, they provide a robust analytical chemical
signature to examine the composition and textures of deformed rock from fault zones.

3.3 Methods
We utilize beamlines 2-3 and 10-2 (now 7-2) at the Stanford Synchrotron Radiation
Lightsource (SSRL), California to target the structure and properties of fault-related rocks
from the San Gabriel Fault at the submicroscopic level. We scanned portions of 22 probepolished thin sections from drill core drilled through the SGF, and collected and analyzed
a total of 52 XRF elemental maps. Of these, 25 were scanned on beamline 2-3 and 27 on
beamline 10-2. We collected data for 20 maps in-person in February 2020 and 32 were
collected remotely utilizing on-site beam scientists in October-November 2020.
Sample mounts and setup are continuously evolving and improving to meet the
diverse needs of users. We used a “Ferris wheel” mount on beamline 2-3 that contains a
rotational component to move samples into position in front of the beam and can hold up
to 7 standard (27 x 46 mm x 30 µm) thin sections (Fig. 3.2B). On beamline 10-2, we used
a plastic slitted sample mount that can hold ~8-9 large (51 x 77 mm x 30 µm) thin sections
(Fig. 3.2C). Sample mounts are firmly attached to the stage, which moves the samples
horizontally and vertically in front of the stationary beam as data is collected (Fig. 2.3A).
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Energy levels, element data collection channels, spot dwell time and resolution, and
scan areas are set by users. We utilized spot dwell times of 10 and 25 ms, and spot
resolutions of 2, 5 and 50 µm at an energy level of 7200 or 12500 eV on beamline 2-3. On
beamline 10-2, we used spot dwell times of 25 ms, and spot resolutions of 25-75 µm at an
energy level of 8000 or 12500 eV. Rapid scans of larger scan areas at lower resolution
allow us to target areas of interest for higher resolution scans. We record elements between
Na and Zn (Mg, Al, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn), with particular emphasis
on the transition metal elements Ti, V, Cr, Mn, Fe, Ni, and Zn in our elemental maps.
Once acquired, data is uploaded to a secured server that users can access anywhere
to retrieve data. We utilize X-ray microprobe software created by beam scientists, Sam's
Microprobe Analysis toolKit (SMAK), to create elemental concentration maps, tricolor
RGB plots, and correlation plots. Single element concentration maps show elemental
concentrations in counts/sec. Tricolor RGB plots of allow us to view spatial variations and
similarities of 3 elements on the same map. Correlation plots provide a graphical
representation of how elemental abundances correlate (or not) spatially. A more in-depth
description of data processing in SMAK is presented in Appendix E.

3.4 Results
We document the structure and properties of fault-related rocks from the San
Gabriel Fault at the submicroscopic level with the XRF elemental maps. Drill core acquired
through the SGF creates a wide transect through the SGF that samples the deformation and
alteration textures observed in the fault-related rock associated with the SGF at depth (Fig.
3.3; see also Chapter 2 of this thesis), and mineral and geochemical compositions are more
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likely attributed to fault-related processes rather than overprinting from surface weathering
processes. The relatively undamaged protolith consists of Mendenhall Gneiss showing
well-defined gneissic banding 0.2-2 cm thick of altering light and dark minerals dominated
by feldspar (primarily albite to oligoclase) and hornblende mineralogy (Fig. 3.3A), and
Josephine Granodiorite. Altered and damaged rock from the fault zone associated with the
SGF exhibit brittle and ductile deformation textures including breccias (Fig. 3.3B-C, E),
cataclasites, shear zones (Fig. 3.3D, F), fractures, veins (Fig. 3.3 B-C, F), discrete slip
surfaces, and Fe-oxide in veins, mm wide zones, and shear zones. We present the structure
and composition of these fault-related rocks in depth in chapter 2 of this thesis.
We collected data for XRF elemental maps from scanned portions of 22 thin section
samples (Appendix D) from the damaged and altered rock associated with the SGF and
sampled by the ALT-B2 borehole (Chapter 2; Appendix E), and here we highlight result
from four samples in addition to the three in Chapter 2. The XRF maps allow us to examine
spatial distribution of elements and their variations, changes, and abundances within altered
rocks. We use these elemental signatures to illuminate fault-related textures that can reveal
how fluid-rock interactions occurred at the grain scale and to show the different rock
types/fabrics in the deformed rocks. We map elements between Na and Zn, with a focus
on the transition metal elements Ti, Cr, Mn, Fe, and Ni, and cations Ca and K that help to
examine records of carbonate mineralization and track composition and deformation of
host rock.
Individual elemental maps display spatial concentration and location variances,
with low to high concentration values recorded in counts/sec. Due to the physics of the X-
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Figure 3.3. Photos of core showing gneissic protolith and representative altered and
damaged fault-related rock associated with the SGF. Numbers indicate core storage
box number. These cores represent rocks used in XRF mapping analyses. A) Gneissic
protolith showing gneissic banding of altering dark and light minerals. B) Breccia
with cross-cutting calcite, Fe-oxide, chlorite, and zeolite veins mm- to cm-thick. C)
Breccia with cross-cutting calcite, Fe-oxide, and chlorite veins mm- to cm-thick. D)
Calcite- and chlorite-rich cataclasite with penetrative shear fabric. E) Brecciated and
highly indurated cataclasite. G) Clay-rich shear with penetrative fabric.
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ray excitation process, we can use individual elemental maps to show how an elemental
concentration various across a map, but we cannot compare the values of different
elements. RGB tricolor maps display spatial relationships and the segregation or mixing of
up to 3 elements on a single plot; however, they do not compare the absolute abundance
differences of the elements.
A consistent signal within the fault-related rock associated with the SGF is the very
high concentration of Fe (and related elements) in deformation and alteration textures and
fabrics. These concentrations manifest in thin slip surfaces (Fig. 3.4), breccia matrices (Fig.
3.5), foliated cataclasite (Fig. 3.6), fractures, veins (Fig. 3.6; Fig. 3.7), and injection sites
(Fig. 3.6). Concentrations of Fe correlate spatially with concentrations of Mn, Ni, Cr, V,
and sometimes Ti, As, and Zn (Fig. 3.8). Thin slip surfaces show high concentrations of
Fe, Mn, Ni, Cr, and sometimes Ti (Fig. 3.4 B, E, G, H). Host rock surrounding thin slip
surfaces show concentrations of Fe, Mn, Ti, Cr, Ni, K and Ca in grains (Fig. 3.4B-H).
Concentrations of Ca appear as infill in intragranular fractures (Fig. 3.4C, I; 3.5D),
in veins (Fig. 3.6D, H, I; Fig. 3.7D), and as separate grains (Fig. 3.4C, I; Fig. 3.5D, J; 3.7D).
Breccia matrices show high concentrations of Fe, Mn, Ni, Cr, and sometimes As and Ti.
Flecks of Ti may be constrained within deformation fabrics such as breccia matrices (Fig.
3.5F; Fig. 3.7F) and injection sites (Fig. 3.6F), but may also manifest as flecks throughout
host rock (Fig. 3.4F). Fe-rich (in conjunction with Mn, Ni, Cr, and As (Fig. 3.4E, G, H, I))
breccia matrices show little to no mixing of Fe with K and Ca (Fig. 3.5J). Ca and K show
slight mixing within grains in the breccia (Fig. 3.5J). Zones of chlorite mineralization
visible in thin section may exhibit high concentrations of Fe, Mn, and Ni (Fig. 3.5B, E, G;
Fig. 3.6B, G; Fig. 3.7B, E).
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Concentrations of Fe, K, Mn, Ni and sometimes Ti tend to follow cataclastic
foliation within plastically sheared zones (Fig. 3.6 B, C, E, F, G). Fe and K show segregated
streaks that follow the fabric, and show little to no mixing (Fig. 3.6 H). Ca veins show 2-3
directions of preferential orientation and cross-cuts foliation (Fig. 3.6D, H, I). Some Ca
veins are entrained within cataclastic foliation and are cross-cut by the fabric (Fig. 3.6H).
Injection within the cataclasite follows existing foliation and shows concentrations of Fe,
Ni, Mn, and Ti (Fig. 3.6B, E, F, G, I), and may show concentrations of Ti and Mn largely
constrained within the injection site (Fig. 3.6E, F, I). Veins in the deformed rock show
cross-cutting relationships with other veins (Fig. 3.7) and with existing fabrics (Fig. 3.6).
Synchrotron XRF mapping highlights microtextures within the altered and
deformed fault-related rocks. We observe flow-like texture of material within thin shear
surfaces and injection sites (Fig. 3.6; Fig. 2.14). Fe and other transition metals within
damage zone samples are distributed within breccia matrices and cracks that surround and
cross-cut existing potassic rock fragments (Fig. 3.5; Fig. 3.7; Fig. 2.13). Cross-cutting
relationships are visible in the synchrotron XRF maps at the microscale (Fig. 3.6; Fig. 3.7),
with Ca veins both being cut by foliation fabrics as well as cutting through existing fabrics
(Fig. 3.6H), indicating multiple brittle and ductile deformation events (see Chapter 2 of
this thesis).
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Figure 3.4. XRF elemental maps of thin slip surface at a source energy of 8000eV and
spot size dwell time of 2 µm, 25 ms. A) Thin section photomicrograph (SGF54.2) in
plane polarized light showing XRF map scanning area. B-H) XRF elemental maps with
low-high concentration in counts/sec. B) High concentration of Fe in the thin slip
surface. Concentrations of Fe also visible in grains in the host rock and in the shear in
the bottom left corner. C) The K is concentrated in the host rock, with slight
concentration of K in the slip surface. D) Ca is concentrated in grains within the host
rock, incipient veins, and as infill in intragranular fractures, visible in the large grain
near the slip surface. E) Concentration of Mn in the thin slip surface, grains in the host
rock, and in the shear in the bottom left corner. F) High concentrations of Ti are
constrained to flecks within the host rock. G) Concentration of Cr is visible as flecks
within host rock, with some concentration of Cr visible in the slip surface. H) Ni is
concentrated in the thin slip surface, in grains in the host rock, and in the shear in the
bottom left corner. I) RGB tricolor map of Fe, K, and Ca. The slip surface is
concentrated in Fe, with some mixing of K and little to no mixing of Ca. The host rock
shows grains of mixed and segregated Fe, K, and Ca. The shear zone exhibits streaks
of segregated Fe and mixed Fe and K. Intergranular fractures are infilled with Ca, with
very slight mixing of K.

90

Figure 3.5. XRF elemental maps of highly indurated breccia at a source energy of
8000eV and spot size dwell time of 2 µm, 25 ms. A) Thin section photomicrograph
(SGF51) in plane polarized light showing XRF map scanning area. B-I) XRF elemental
maps with low-high concentration in counts/sec. B) High concentration of Fe in breccia
matrix and inter- and intragranular fracture infill. C) K is constrained to grains and
insipient veins. D) Ca is constrained to grains, veins, and intragranular fracture infill. E)
High concentrations of Mn in breccia matrix and fractures. F) Ti exhibits as heavily
concentrated flecks throughout the map. G) Ni is concentrated in breccia matrix and
fractures. H) High concentrations of Cr exhibits as flecks, largely constrained to matrix.
I) As is concentrated in flecks, largely constrained to matrix. J) RGB tricolor map of Fe,
K, and Ca. Fe is segregated in the breccia matrix, with little mixing of K and Ca. Slight
mixing of Ca and K in veins and fracture infill.

91

92

Figure 3.6. XRF elemental maps of foliated cataclasite with possible injection textures
(red arrow) at a source energy of 8000eV and spot size of 2 µm and dwell time of 25
ms. A) Thin section photomicrograph (SGF96.2) in plane polarized light showing XRF
map scanning area. Thin section shows lozenge of dark aphanitic material, shear fabric,
chloritization, thin slip surface, and injection sites. B-G) XRF elemental maps with lowhigh concentration in counts/sec. B) High Fe concentrations are constrained to slip
surfaces (µm-thick), injections sites, and zones of chlorite mineralization within the
foliation. The lozenge and cataclastic material also exhibit Fe concentration. C)
Concentrations of K manifest in the shear zone, fractures, grains, and veins. Note the
lozenge is edged with concentrated K. D) High concentrations of Ca are heavily
constrained to veins and fractures. E) Mn is largely concentrated within the injection
sites. F) Ti is concentrated within the injection sites and as flecks throughout the sample.
G) Concentrations of Ni in slip surface, injection site, and foliation. Shows correlation
of Ni with zones of chloritization visible in thin section. H) RGB tricolor plot of Fe, K,
and Ca. Fe and K within the foliated cataclasite and lozenge show flowy segregated
streaks, with little to no mixing, and tend to follow the shear fabric. The lozenge shows
slight mixing of Fe and K. Ca is constrained to veins and fractures, with little mixing of
K and no mixing of Fe. Ca is cross-cut by shear material (1) and cross-cuts existing
foliation fabric (2), indicating Ca mineralization before and after shear deformation
processes. I) RGB tricolor plot of Fe, Mn, and Ca. Mn is concentrated within the
injection site, with slight mixing of Fe.
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Figure 3.7. XRF elemental maps of breccia and veins at a source energy of 12500eV
and spot size of 5 µm and dwell time of 10 ms. A) Thin section photomicrograph
(SGF92) in plane polarized light showing XRF map scanning area, and cross-cutting
relationships. B-F) XRF elemental maps with low-high concentration in counts/sec. B)
High Fe concentrations are constrained to breccia matrix, fractures, and zones of
chlorite mineralization. C) Concentrations of K manifests in grains and in fracture infill.
D) High concentrations of Ca are heavily constrained to veins, grains, and fractures. E)
Mn is largely concentrated within the breccia matrix and fractures, with some highly
concentrated grains of Mn. F) Ti is largely concentrated within the breccia matrix, with
some highly concentrated grains of Ti. G) RGB tricolor plot of Fe, K, and Ca showing
cross-cutting relationships of veins. Fe and K show little to no mixing. Ca is largely
constrained to veins and grains, and shows slight mixing with K.

95

Figure 3.8. Bivariate correlation plots of breccia from sample SGF51 and XRF maps
in Fig. 3.5. A-H) Fe is cross plotted with Ni, Mn, Cr, Ca, As, Ti, K, and Zn. Nonlinear correlation between Fe and Ni, Mn, Cr (A-C), and slightly linear correlations
of Fe with As, Ti, and Zn (E, F, H). Little to no correlation between Fe and K and Ca
(D, G). I) Cross plot of Ti and Ca, with little to no correlation.

3.5 Discussion
Synchrotron XRF elemental mapping enables us to examine the composition,
microstructure, and elemental spatial distribution of deformed and altered rock at the mmto microscale. Previous studies record various degrees of fluid-rock interactions within the
shallow fault regime (Chapter 2; Anderson et al., 1983; Chester et al., 1993; Evans and
Chester, 1995; Studnicky, 2021). We record evidence for fluid-rock interactions that may
help constrain the behavior of the SGF at shallow depths. We suggest the XRF map data
shown here present evidence for the fluid-rock interactions at the mm- to microscale in
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damaged and altered rock within the SGF, in addition to other analyses and observations
presented in chapter 2 of this thesis. The data indicate that there are variations in the nature,
expression, and degree of fluid-rock interactions at the microscale. These data will continue
to be analyzed in preparation for the publication of this manuscript.
Fault-related rocks within the shallow SGF show relatively high levels of
induration. The textures of the fault-related rock show high concentrations of Fe, Ni Mn,
and sometimes Cr and Ti within thin slip surfaces (Fig. 3.4), breccia matrices (Fig. 3.5),
foliated cataclasite (Fig. 3.6), fractures, and veins. Brittle textures such as breccia show the
concentration of Fe, Ni, Mn in breccia matrices and within fractures (Fig. 3.5). Fluid
mineralization within the fractured and brecciated rock suggest that the SGF experienced
post-seismic healing, evidenced by calcite veins and the influx of Fe-rich mineralization
observed in breccia matrix (Fig. 3.5; Fig 3.7). Injection textures may be indicative of
coseismic fluid-rock interactions (Rowe et al., 2005; Brodsky et al., 2009) and may (Fig.
3.6) or may not (see Chapter 2, Fig. 2.12) follow deformation textures. Within plastically
deformed fault-related rock, Fe-rich minerals tend to concentrate within the foliation fabric,
with Ca cross-cutting existing fabrics indiscriminately (Fig. 3.6). Ca veins may also be
entrained within shear fabrics and are cross-cut by foliation (Fig. 3.6H), implying cycles
of seismic and aseismic deformation evidenced by calcium precipitation before and after
the ductile deformation of the foliated sheared rock.
We suggest that mineralization of Fe and related elements at the microscale
influences fault zone healing and the distribution and propagation of slip within the fault
zone. The cross-cutting relationships and compositional differences of veins and
deformation textures indicate there were multiple cycles of seismic energy accommodation
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and subsequent fault healing and creep (Fig. 3.6; Fig. 3.7). The segregation and crosscutting relationship of Ca with transition metals suggests that the processes that precipitate
these minerals differ (Fig. 3.6; Fig. 3.7). Ni, Mn, and Cr are nonlinearly correlated to Fe
(Fig. 3.8A-C) and Fe and related elements show little to no correlation with Ca (Fig. 3.8D).
Thin slip surfaces show concentrations of Fe, and these thin slip surfaces may or may not
show concentrations of Ti. This suggests that Ti, generally thought of as an immobile
element, may also exhibit some mobile tendencies at the microscale. This may be supported
by count histograms of Ti that show bins of concentrated Ti counts, with little distribution
that we may expect to see if Ti existed throughout the system.

3.6 Conclusions
We document the microscale products of faulting within the damaged and altered
rocks from the shallow San Gabriel Fault (SGF) using synchrotron XRF elemental
mapping. We observe evidence for fluid-rock interactions visible in several settings,
including in slip surfaces, breccia matrices, fractures, veins, foliated cataclasites, and
injection sites. The recorded expression of fluids is different within brittle and ductile
textures, indicating varying fluid-rock processes throughout the fault zone and earthquake
cycle. The cross-cutting relationships and segregation of elements to discrete types of
seismic and aseismic structures implies that the fault zone experienced multiple cycles of
coseismic slip and post-seismic healing and creep.
We present synchrotron XRF mapping as a useful tool in characterizing the
structure and behavior of shallow faults at the microscale. The method is cost effective,
user-friendly, and produces excellent high-resolution maps that allow us to analyze the
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spatial concentrations of elements within altered and damaged rock. The tuneability of
variable settings not only allow this method to be implemented in various scientific
applications, but allow for fine-tune adjustments to be made to accommodate variances
that may be present within different faults. Our use of synchrotron XRF elemental maps is
a novel approach to document shallow fault and earthquake behavior from the macro- to
the microscale. Observations and methodology used here on the shallow SGF may serve
as an analog to help decipher the nearby active San Andreas Fault and similar faults
throughout the world.
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CHAPTER IV
CONCLUSIONS
The San Gabriel Fault (SGF) in southern California is an ancient branch of the
modern San Andreas Fault that accommodated >40 km of right-lateral slip between 12 to
5 million years ago (Powell et al., 1993) and was later exhumed from depths of 2-5 km
(Bull, 1978; Blythe et al., 2002). Prior work on the SGF focused on the surface expression
of the fault, with study sites sampling fault-related rocks that were exhumed from depths
of at least 2 km (Anderson et al., 1983) to 3.5 km (Chester et al., 1993; Evans and Chester,
1995; Blythe et al., 2002). Borehole ALT-B2, a geotechnical investigation site for the
California High Speed Rail Authority, forms a shallow ~32° angle with the steeply northdipping SGF and samples ~500 m of protolith and damaged and altered fault-related rock
associated with the SGF that formed at depths of ~2-2.5 km (Blythe et al., 2002) within the
upper transition from seismic slip to aseismic creep (Marone and Scholz, 1988; Marone et
al., 1991; Marone and Saffer, 2007; Marchandon et al., 2021).
We utilized the drill core to document the effects of shallow faulting at a range of
depths and compared observations we made to previous work on the surface expression of
the SGF (Anderson et al., 1983; Chester et al., 1993; Evans and Chester, 1995; J. S. Caine,
pers. comm., 2021). We hypothesized that overprinting and cross-cutting relationships of
brittle and ductile deformation textures should be recorded in the deformed and altered
SGF rocks sampled by borehole ALT-B2, and that the transition from seismic slip to
aseismic creep within the upper crust is in part caused by fluid-rock interactions and the
associated formation and alteration of clay minerals. The goal of this study was to
document the physical and chemical properties of fault-related rocks from within the
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shallow SGF by integrating mesoscopic geotechnical core data and field sample
observations, microstructural analyses, geochemical analyses, and synchrotron-based XRF
elemental maps. We further show that synchrotron XRF elemental mapping techniques are
a useful tool in characterizing shallow fault behavior and microstructures.
Chapter 2 of this thesis presents a wholistic overview of the composition and
structure of fault-related rocks that formed at depths of ~2-2.5 km within the SGF (Blythe
et al., 2002). Mesoscopic geotechnical core data and field observations, geochemical data,
microstructural data, and micro-XRF mapping data reveal persistent fluid-rock interactions
within both brittle and ductile deformation textures. The main fault zone consists of a 6.5
m thick principal slip zone that juxtaposes Proterozoic Mendenhall Gneiss and Cretaceous
Josephine Granodiorite, surrounded by a ~100 m thick damage zone. The damage zone
includes highly fractured rock on either side of the SGF and a zone of ductile deformation
immediately north of the main fault trace. An 11 m thick branch/subsidiary fault lies to the
south of the main trace of the SGF. We document the evidence of fluid-rock interactions
in the damage zone in the form of mineral alteration assemblages, breccia matrices,
fractures, veins, discrete slip surfaces, and injection textures. The hydrothermal alteration
assemblages of weak phyllosilicate and clay minerals (Warr and Cox, 2001; Schleicher et
al., 2012; Haines et al., 2009) in plastically sheared and folded textures indicates that these
hydrous minerals influence aseismic creep accommodation within the shallow SGF. The
presence of multiple generations of folded cataclasite infer that these ductile deformation
processes transpired over a significant amount of time.
We record evidence for brittle deformation textures in the fault damage zone
including intra- and intergranular fractures, veins, discrete slip surfaces, and injection
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textures that likely indicate some coseismic slip was accommodated within the damage
zone (Table 2.2), with the majority of coseismic slip accommodated in the principal slip
zones (Anderson et al., 1983; Chester et al., 1993; Evans and Chester, 1995). Pervasive
brittle and ductile deformation textures and their overprinting and cross-cutting nature
indicate that the SGF accommodated both seismic slip and aseismic creep mechanisms in
the shallow crust. These results imply that fluid-rock processes vary spatially in the fault
zone and occurred throughout multiple cycles of seismic and aseismic accommodation.
The evidence for hydrothermal fluid-rock interaction in this and other studies in the shallow
fault regime (e.g., Studnicky et al., 2021; Kaduri et al., 2017; Marone and Saffer, 2007)
suggest that fluids influenced the induration, healing, and mineral assemblages of the
shallow SGF and subsequently affected slip behavior and energetics at hydrothermal
temperatures greater than the ambient temperatures.
Chapter 3 focuses on the novel use of XRF synchrotron mapping in analyzing the
microstructural and compositional properties of deformed and altered rock within the
shallow fault realm. Synchrotron XRF mapping is cost effective, user-friendly, consistently
adapting and updating software and hardware to meet user needs, and produces highresolution maps of samples, with little to no sample preparation needed. We present
evidence for transition-element distributions and concentrations that indicate fluid-rock
interactions occurred within slip surfaces, breccia matrices, fractures, veins, foliated
cataclasite, and injection textures. These data reveal variations in the nature, expression,
and degree of fluid-rock interactions at the microscale and the segregation and mixing of
elements within deformation fabrics.
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The integrated results of this work provide some quantification of and insight into
the structure and composition of the shallow SGF and from the meso- to the microscale.
Together these data document fluid-rock interactions with implications of how these fluidrock interactions influence slip behavior in the shallow crust. Cross-cutting relationships
and elemental segregation visible in XRF maps in chapter 3 further corroborate conclusions
made in chapter 2 that suggest the shallow SGF underwent multiple cycles of coseismic
slip followed by post-seismic healing and creep. We conclude that the use of protolith
and/or fault gouge values in fault and earthquake models does not accurately portray the
real-world conditions of shallow fault properties and deformation processes. We further
submit the usefulness of integrating synchrotron XRF elemental mapping techniques in
shallow fault studies. The application of this method, in conjunction with more traditional
methods, allowed us to document the properties of fault-related rocks from the meso- to
the microscale and record evidence for fluid-rock interactions and deformation behaviors.
Our work reveals several unanswered questions. We interpreted the lower principal
slip zone in chapter 2 as a branch of the SGF, due to similarities of the ultracataclasite and
gouge with those documented in Anderson et al. (1983), Chester et al. (1993), Evans and
Chester (1995). Further geochemical and field work may be warranted to solidify that
interpretation. Additionally, we did not run the standards or calibration measurements
needed to quantify synchrotron XRF mapping data into “real world” concentration values
rather than arbitrary “counts.” The quantification of concentration values would allow us
to compare and contrast across different elemental maps and different samples throughout
the fault zone. The application of this procedure would provide greater insight into the
nature of alteration and deformation and fluid-rock interactions in fault-related rocks.
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Furthermore, this thesis describes only basic functions in data processing software
(SMAK) and warrants further exploration of the analytical tools provided therein. The
application of synchrotron XRF mapping is a relatively new technique in shallow fault
studies and the usefulness and quality of data and analytical procedures will continue to
improve through innovative work and the advancement of technology.
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